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This study was conducted to determine the effect of warm mix (WMA) modifiers on 
asphalt mixes containing high percentages of reclaimed asphalt pavement (RAP).  Mixes were 
created using three aggregate sources, four RAP percentages (0%, 20%, 35%, and 50%), and 
three warm mix modifiers (HMA, zeolite, and Sasobit®).  Base binders from the same source (PG 
64 -22, 58 -28, 52 -28) and one rejuvenator were used for each mix to ensure the final blended 
binder grade was at least PG 64 -10.   
Specimens were created at HMA or suggested WMA temperatures and tested for rut 
depth, indirect tensile strength (ITS), tensile strength ratio (TSR), and fatigue life.  Additionally, 
mixtures from one aggregate source were tested for resilient modulus.  Selected binders were 
then examined using Fourier transform infrared spectrometry (FTIR-ATR) to examine the IR 
absorbance at wave numbers 1700 cm-1 and 1030 cm-1 to quantify binder aging to determine if 
exhibited properties, namely fatigue life, were an effect of oxidative aging.   
The study found that, for a given RAP percentage zeolite often produced mixes with less 
favorable properties than HMA and Sasobit® often produced mixes with nearly equivalent or 
better properties than HMA.  FTIR analysis showed RAP mixes to increase in oxidation as RAP 
percentage increased, and Sasobit®-modified base binders did not show increased aging over 
HMA base binders.  Fatigue life was found to be more strongly correlated to oxidation of the 
binder’s sulfoxide group, while resilient modulus at 5°C was found to correlate to oxidation of 
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1 Chapter One: Introduction 
1.1 Hot Mix Asphalt 
Hot mix asphalt (HMA) is a primary paving material in the United States.  Hot mix 
asphalt consists of aggregate and binder which are heated and then mixed together in measured 
quantities.  Binder is a by-product of crude oil refinement, and its cost is therefore dependent 
upon the prevailing cost of oil.  As world oil prices have increased, so too has the price of binder.  
This has created a financial strain on governments and private roadway owners whose 
responsibility it is to create and maintain roadways.  To this problem is added the need to 
quarry and produce virgin aggregate.  While this may not seem a large problem in many areas 
now, virgin material is not always of suitable quality, cost-effective, or even available in 
sufficient quantities in many locations.  This has led to the incorporation of reclaimed asphalt 
pavements (RAP) in new pavements. 
The primary sources of emissions in an asphalt plant are the mixers, dryers, and hot 
bins, which produce particulate matter, smoke, exhaust vapors, and other gaseous pollutants.  
Emissions may be classified into two categories: invisible and visible [1].  Invisible emissions are 
primarily volatile organic compounds (VOCs) which contribute to smog.  Visible plant emissions 
contain heavier hydrocarbons that easily vaporize at temperatures of 300°F (150°C).  These 
emissions condense in ambient air, are absorbed by dust and water particles, and smell 
characteristically of fuel.  The United States Environmental Protection Agency (EPA) estimates 
that a typical drum mix plant, using natural gas as a heat source, produces 200,000 tons HMA 
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per year and emits 13-14 tons carbon monoxide, 5 tons of VOCs, 15-16 tons of particulate 
matter, and 0.6-1 ton of hazardous air pollutants (HAPs) [2].   
1.2 Warm Mix Asphalt 
To reduce the energy costs and emissions from plants, the asphalt industry has developed 
technology to reduce the mixing and compaction temperatures of HMA without detrimentally 
affecting the properties of the mix.  The asphalt industry has been experimenting with warm 
and cold mixtures for decades, but until recently, these mixes have usually proven inferior to 
HMA and been suitable only for low-volume roads.  These mixes have typically involved the use 
of cutback or emulsified asphalt cement to coat the aggregates, but both of these methods have 
their problems.  Cutback asphalt uses volatile compounds like diesel fuel or gasoline to dissolve 
the asphalt binder; these compounds are volatile and require a long curing time.  Emulsified 
asphalt dissolves asphalt binder into water with the aid of an emulsifying agent.  These mixes 
typically have higher air voids, require a long cure time, and are suitable only for open or coarse 
graded mixtures.  Foamed bitumen has also been used and does not require long curing times, 
but studies have shown it to best coat fine aggregates, and that it may be better suited for 
recycling applications [3].  The last problem with these methods is that the extra costs involved 
are not offset by the savings in energy.  Therefore, since the long-term properties of cold mix 
asphalts have not achieved parity with HMA, it seems unlikely they will replace HMA as the 
primary asphalt paving method. 
In the last decade, the asphalt industry has begun looking into warm mix technologies as 
a means of reducing the mixing and compaction temperatures of asphalt mixes.  Warm mix 
asphalt (WMA) is an asphalt mixture that is mixed at temperatures lower than conventional 
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HMA.  The typical mixing temperature of WMA is between 100 to 140°C (212 to 280°F), 
compared to HMA temperatures between 150 to 180°C (300 to 350°F).  With rising global 
energy costs and awareness of environmental responsibility, WMA technologies have been 
increasing in popularity and use.   
European countries began investigating WMA technologies to reduce mixing and 
compaction temperatures by approximately 20 to 55°C (50 to 100°F) in 1995 and 1996 [4].  
Through this initial research and other experiences, the asphalt industry has developed 
numerous methods for lowering the production and compaction temperatures of asphalt 
pavements.  There are, in principle, three methods for producing asphalt at lower temperatures: 
methods based on foaming, water-bearing agents, and special bitumen additives. 
The foaming process involves the addition of water to hot asphalt binder.  When the 
water mixes with the binder, it produces steam bubbles which cause the binder to foam.  The 
foaming action increases the volume of the binder and leads to increased wettability of the 
binder and lower high-shear viscosities.  Two of the most common methods of foaming are Shell 
Global Solutions and Kolo Veidekke’s WAM-foam and Astec’s Double Barrel Green System.  
WAM-foam involves using two binder grades, a softer and a harder binder, and a foaming 
system.  Aggregate is first coated with the softer binder, which attains the target mixing 
viscosities at lower temperatures.  The harder binder is then foamed and mixed with the 
already-mixed aggregates.  This process allows mixing of asphalt mixtures at temperatures 
between 100 and 120°C (212 and 250°F) and compacting between 80 and 110°C (175 to 230°F) 
[5].  Astec’s Double Barrel Green System uses only a single grade of asphalt binder.  Water is 
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injected into the binder to produce the foaming effect, increasing the binder’s volume while 
reducing its viscosity, and lowering the mixing and compaction temperatures of the mix.   
WMA methods involving water-bearing agents are based on the release of chemically 
bound water from the additives during the mixing process.  From this point, the concept is 
similar to Astec’s Double Barrel Green System.  The additives begin to release their water into 
the binder on contact and produce fine steam bubbles which lead to micro-pores in the binder, 
improving workability.  A common water-bearing agent is a form of zeolite, such as Aspha-min®, 
a sodium – aluminum – silicate, or Advera®, an aluminosilicate, hydro-thermally crystallized into 
a fine powder.  Zeolites are added at the same time as the binder at a rate of 0.25 to 0.3% by 
weight of total mixture.  Zeolites typically contain approximately 20% moisture and release their 
moisture over time, ensuring increased workability during the compaction phase of placement.  
Any moisture not driven off during the production and compaction of the asphalt is bound back 
into the zeolite, which behaves as a mineral filler. 
The third warm mix methodology is based on adding special additives to the binder to 
reduce its viscosity.  Two well-known products currently use this approach: MeadWestvaco’s 
Evotherm® and paraffinic hydrocarbons such as Sasol Wax’s Sasobit®.  Evotherm is a chemistry 
package containing an asphalt emulsion with a very high percentage of asphalt residue, around 
70%.  The chemistry package includes adhesion promoters, emulsifying agents, and materials to 
improve workability.  Evotherm behaves much like a standard asphalt emulsion, but there are 
key differences that make Evotherm feasible as a warm mix additive.  The warm mix formulation 
allows complete coating of dense graded aggregate at temperatures as low as 60°C, where 
conventional emulsions are unable to do this without high chemical loadings or high doses of 
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water.  Evotherm also allows mix workability and compactibility to be maintained without 
sacrificing either cure rate or density.  Paraffin waxes are soluble in asphalt binder above 
temperatures of 80 to 120°C (175 to 250°F); when dissolved, the binder’s viscosity is reduced, 
allowing mixing and compaction at lower temperatures.  Unlike naturally occurring saturates in 
binders, the added paraffins are long chained hydrocarbons that do not adversely affect the 
properties of the base binder.  Sasobit® is a long chain aliphatic hydrocarbon (chain lengths of 
40 to 115 carbon atoms) produced from coal gasification using the Fischer – Tropsch process.  It 
melts in the binder at temperatures of 85 to 115°C (185 to 240°F).  Studies have shown 
reductions in handling temperature between 18 – 54°C (32 - 97°F) [6]. 
 The Bitumen Forum of Germany began looking into ways to lower emissions in 1997, 
and “Warm Mix Technology” was one avenue it pursued.  The interest in emissions, and 
particularly greenhouse gasses, within the European community was mainly due to the Kyoto 
Accord.  WMA was introduced to the United States in 2002 when the National Asphalt 
Pavement Association (NAPA) sponsored an industry scanning tour of Europe for asphalt paving 
contractors.  The Federal Highway Administration (FHWA), National Center for Asphalt 
Technology (NCAT), and NAPA convened a meeting in 2003 to explore the potential for warm 
mix in the United States.  That year, three different WMA technologies were presented at the 
NAPA convention in San Diego.  In 2004, the “World of Asphalt” featured a WMA 
demonstration; since then, several WMA demonstration and laboratory studies have been 
carried out in the United States. 
 Apart from the already mentioned benefits of lower emissions and reduced mixing and 
compaction temperatures, WMA technology also offers: longer paving seasons, longer possible 
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haul distances, reduced wear and tear on asphalt plants, reduced aging of the binders, reduced 
oxidative hardening of the binders and therefore reduced pavement cracking,  and the ability to 
open pavements to traffic sooner than in conventional HMA [7].  Warm mix also provides 
workers with a safer working environment due to lower temperatures and emissions and 
potentially allows mobile asphalt plants to be placed in non-attainment areas.  With the 
technologies and chemical additives currently available, it is now possible to produce warm mix 
asphalt without affecting the properties of the mix.  The implementation of warm mix 
technology has, through laboratory and field testing, proven to be a promising tool in the 
asphalt industry’s arsenal.  Investigations have been made into the effect of binder source, 
aggregate source, crumb rubber, mix type, and aging upon the effectiveness of WMA, but, 
though a handful of projects involving reclaimed asphalt have been performed, little has been 
done involving high-RAP percentages with warm mix in surface courses and the interaction 
between the warm mix technologies and these already aged mixes. 
1.3 Reclaimed Asphalt Pavement (RAP) 
 Since the mid-1970’s, millions of tons of RAP have been used to produce new asphalt 
pavements around the United States, and the use of RAP has become commonplace in many 
countries around the world.  Some estimates indicate that 73 to 91 million metric tons of 
asphalt pavement are removed each year during resurfacing and widening projects and are 
reused in new pavements, roadbeds, shoulders, and embankments [8].  Asphalt recycling occurs 
primarily in two ways: cold mix and hot mix recycling.  In cold mix recycling RAP, RAM (reclaimed 
aggregate material), or both, are combined with asphalt (usually an emulsion) and/or recycling 
agent.  This can occur in-place or at an asphalt plant but is typically reserved for low-volume 
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roadways due to lower strength than conventional HMA [9].  Recycling on higher volume roads 
requires the use of hot mix recycling.  In this process asphalt is milled from the roadway and 
transported to an asphalt plant.  It is reincorporated into virgin mixes during the mixing of the 
virgin binder and aggregate.   
 Recycling existing asphalt pavements allows the industry to produce new pavements 
with considerable savings in material, money, and energy.  Aggregate and binder from old 
asphalt pavements retain value, even at the end of their service lives.  This reclaimed material 
has been combined, for many years, with virgin binder and aggregate to produce new asphalt 
pavements, a practice which has proven both economically and environmentally responsible.  
With the introduction of the Superpave method of mix design, a consistent way of including RAP 
in mixtures had to be developed.  The Superpave Mixtures Expert Task Group of the Federal 
Highway Administration (FHWA) developed interim guidelines that were based largely upon past 
experience [10].  Later, NCHRP Report 452 provided guidelines and procedures for incorporating 
RAP into Superpave mixes [11]; this report revised the FHWA’s original recommendations.  In 
general, the report recommends that lower levels of RAP may be used without extensive testing 
of the RAP binder, but when higher RAP percentages are to be used, conventional Superpave 
binder tests should be performed to determine how much RAP may be added, or which virgin 
binder should be used. 
 Warm mix asphalt manufacturers have long claimed that the technologies that allow for 
lower production temperatures also create additional benefits when RAP is incorporated into 
mixtures, including the use of higher percentages of RAP without adverse effects to the mix 
[12,13].  While some research has begun in this area, little is actually understood about the 
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interaction between WMA technologies and RAP mixtures, especially in mixes containing high 
percentages of RAP.  For example, pavement engineers know that aged binder will reduce the 
fatigue life, but the addition of virgin binder produced at WMA temperatures ages less than 
ordinary HMA; this addition makes the situation more complicated.  Because of the complicated 
relationship between these two sustainable asphalt technologies, the industry would benefit 
from obtaining an optimum balance between them.  Numerous recommendations to investigate 
RAP mixes have been made while studying WMA mixtures [4,14].  The properties of high RAP 
mixtures modified by warm mix additives are not well known, and no way of predicting the 
mixture properties (ITS, APA, MR, Fatigue) exists. 
1.4 Objectives and Scope of Research 
The main objective of this research project was to evaluate the effects of warm mix 
asphalt additives on the properties of high-RAP asphalt mixes and to create a predictive model 
for use in these types of mixtures.  The scope of the research included the following: 
• Conducting and extensive literature review on the use of WMA and RAP in asphalt 
mixtures; 
• Evaluating the properties of RAP in the laboratory; 
• Comparing the indirect tensile strengths (ITS), APA rutting depths, resilient 
modulus, and fatigue lives of WMA modified high-RAP mixtures.  This will be done 
using three aggregate sources, one binder source, three PG grades of binder, one 
rejuvenator, three warm mix asphalt additives (control, zeolite, and Sasobit®), 
and four RAP percentages (0, 20, 35, and 50%).  A total of 216 APA samples, 360 
ITS samples, and 108 fatigue samples were created and tested. 
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• Investigating the interaction and blending characteristics of RAP and WMA-
modified virgin binders using FTIR-ATR. 
• Developing a mathematical predictive model to better understand the behaviors 
of WMA modified high-RAP mixtures. 
1.5 Organization of Dissertation 
This dissertation is arranged into six chapters.  Chapter One contains an introduction to 
the problem and the objectives of the research.  A literature review of related research is 
included in Chapter Two.  The literature review includes background information about WMA 
products, advantages and disadvantages of WMA, earlier laboratory studies conducted on the 
subject, and the significance of this research project.  The materials used in this study, the 
research approach, and the test methods are described in Chapter Three.  The statistical analysis 
methods that were used to analyze the results obtained in this research are explained in 
Chapter Four.  The experimental results and discussions are presented in Chapter Five, and 




2 Chapter Two: Literature Review 
2.1 RAP History and Usage 
The production of Hot Mix Asphalt (HMA) involves the use of a bitumen-based binder 
and mineral aggregate.  As the industry has developed and grown, it has become aware of the 
ability to recycle used HMA into new pavements.  This reclaimed asphalt pavement (RAP) retains 
many of the benefits of virgin pavements, and field studies have shown no significant difference 
between pavements containing RAP and those with only virgin materials [15].  If the industry 
uses this RAP, it need not use as much virgin binder and mineral aggregate, which have, in many 
areas, become more scarce and expensive.  This allows road construction involving RAP to be 
completed at reduced cost and with lower usage of non-renewable resources [16].   
The idea of recycling older pavements into RAP to be used in new maintenance and 
construction has been around for quite some time.  It has long been used in shoulders, as base 
material, or disposed of in landfills, but these uses do not take advantage of RAP’s monetary 
value [17].  The oil embargo and development of cold-milling machines in the 1970’s provided 
ample incentive and an increased supply of RAP to contractors; who then had to find some cost-
effective way to utilize it.  The northeastern United States alone has millions of tons of 
stockpiled RAP, and its use presents an opportunity for state Departments of Transportation 
(DOTs) to save considerable amounts of money and energy [18].  As of 1997, “…the recycling of 
old pavements into new pavements is the largest single recycling practice in the United States” 
[10].  To aid in this practice, NCHRP Report 452 was developed to provide guidelines for 
incorporating RAP into the Superpave system on a scientific basis [11].  
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Currently, 60% of state DOTs permit high RAP (more than 25% RAP by aggregate weight) 
in asphalt construction, but most projects do not use high RAP percentages because of the 
variability in the binder and aggregate gradation and simple inexperience [19].  RAP in surface 
courses, however, is still limited.  If higher percentages of RAP, between 30 and 50%, could be 
used competently while still constructing pavements which meet or exceed all current 
standards, the cost savings to the states, and therefore to the taxpayers, would increase [18].  
Considering that the alternative to using RAP is often paying for it to go into a landfill or finding 
some way to waste it, the benefits in cost alone are obvious.  Su et al. determined that using up 
to 40% RAP in airport surface courses was feasible in Japan [16].  Celauro et al. determined that 
up to 50% RAP could be used in base, intermediate, and surface courses in Italy so long as 
appropriate controls were utilized [20].  The Maine DOT has utilized drum plants to 
experimentally produce HMA mixes containing 70% RAP [21].  These results indicate that, with 
care, pavements can incorporate greater percentages of RAP while still meeting or exceeding 
the governing specifications.   
However, RAP must be treated more carefully than virgin aggregate.  Firstly, the RAP 
stockpile must be of high enough quality and uniformity to meet project specifications.  Ideally, 
the stockpile should be covered with a tarp or building cover to reduce its overall moisture 
content, as excess water requires greater heat to drive off in the mixing process and will, 
therefore, increase cost in heating and production time [17].  Over time, RAP stockpiles develop 
a crust of oxidized material.  This crust is useful in shedding off water, but should be blended 
back into the rest of the stockpile before use to ensure a more uniform product.  The cold feed 
bins used for RAP are similar to those used for virgin aggregate with one exception: the interior 
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sides are much steeper.  This allows the RAP to slide more easily from the bin and prevents 
sticking in hot or wet weather, when the asphalt may otherwise bridge the opening [17].  Other 
plant modifications may vary from plant to plant; some plants crush and/or fractionate their 
RAP and may require more than one RAP cold feed bin; others simply pass the RAP over a 
scalping screen to remove any large chunks of material.  Introduction of the RAP into the virgin 
mix also varies, but care must always be taken to prevent overheating the RAP and thereby 
volatilizing the binder. 
As RAP mixes generally contain more aged, and therefore stiffer binders, they have 
often shown greater rutting resistance [8], but that same stiffness also affects the resilient 
modulus and fatigue life of RAP mixes.   
2.2 RAP Considerations 
The mix design procedure for including RAP is basically the same as the standard 
Superpave method, with the additional requirement for binder analysis [17].  Each RAP source is 
different.  After years of service in pavement, binder becomes stiffer and less elastic; this is 
known as aging. The degree of aging depends on a number of factors, including: temperature, 
air void content of the mix, and the chemical make-up of the binder [22].  The aggregate and 
gradation may also differ among RAP sources, even if they use the same aggregate source and 
conform to the same gradation specification. 
Binder aging is primarily a result of oxidation, though photo-degradation and 
volatilization also contribute [23].  Since each pavement is subjected to different conditions, it 
reasons that the binders from different recovered pavements will differ.  Their viscosities and 
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other rheological properties must be accounted for to ensure a quality final product.  The 
amount of RAP included in the mix also changes the effects it has upon the final product.  
Typically, the virgin binder is softer, of a lower PG grade, so that the binder will meet the desired 
specifications after mixing.  When this is not adequate, a rejuvenating agent may be used to 
soften aged binders. 
Many have questioned exactly how RAP binder combines with virgin material during 
mixing.  Since specifications call for a final PG grade binder, researchers have specifically wanted 
to understand how RAP binder will influence the final binder.  The mixing of RAP can be 
presented in three cases: black rock, total blending, and real world.  Black rock treats the RAP as 
simply another aggregate source and assumes absolutely no mixing between the RAP and virgin 
binders; therefore the RAP’s only contribution to the mix would be through the aggregate and 
its gradation.  Total blending assumes the two binders mix completely and uniformly; therefore 
the RAP contributes to both aggregate (and gradation) and binder properties of the mix.  Real 
world scenarios depend upon the amount of RAP used.  Bonaquist has developed a method to 
evaluate whether total blending does, in fact, occur [24].  His method compares the dynamic 
modulus of the mix with an expected dynamic modulus obtained from the Hirsch model 
developed by Christensen et al [25].  This method uses the shear modulus of recovered RAP 
(thus totally blended) binder to estimate the dynamic modulus.  If the estimated and measured 
dynamic moduli are a match, blending of the virgin and RAP binders is assumed. 
A three tiered solution has been proposed to address changes to the virgin binder to 
account for RAP interactions and is shown in Table 2-1 [11].  Lower percentages of RAP are 
treated as black rock, but this assumption breaks down as the percentage of RAP increases.  
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Higher RAP percentages see the aged binder mixing completely with virgin materials in sufficient 
quantities to significantly affect the mix’s performance properties [11].  These assumptions have 
begun to be questioned on the micro-scale [26], but more research is needed before they are 
overturned. 
Table 2-1: Binder Selection Guidelines for RAP Mixtures 
 
 RAP Percentage 
Recovered RAP Grade 
Recommended Virgin Asphalt Binder Grade 
PG xx -22 or 
lower 
PG xx -16 
PG xx -10 or 
higher 
No change in binder selection <20% <15% <10% 
Select virgin binder one grade softer than normal 
(e.g., select a PG 58-28 if a GP 64-22 would 
normally be used) 
20-30% 15-25% 10-15% 
Follow recommendations from blending charts >30% >25% >15% 
 
Table 2-1 implies the importance of knowing the PG grade, and thereby the rheological 
properties, of the recovered RAP binder.  This was stated by Celauro et al. when she expressed 
the need to use “new bitumen with adequate rheological properties…” to produce “…high-
performance mixtures” [20].  Determination of binder properties is done through the standard 
Superpave binder tests.   
The second important control when using RAP is aggregate gradation.  High percentages 
of RAP cannot be used if they drive the gradation of the final mix out of specification.  For this 
reason it has been proven necessary to fractionate RAP when using higher percentages [8,27].  
This is done for two reasons: first, to control the amount and size fractions of RAP aggregate 
introduced into the mix; second, since different size fractions of RAP have different binder 
percentages, fractionating allows greater control of the aged binder introduced to the mix [27].   
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2.3 Warm Mix Asphalt 
The term warm mix asphalt (WMA) represents technologies which allow considerable 
reduction of mixing and compaction temperatures of asphalt mixes.  This is done in one of two 
ways: the first is a process where water is introduced to hot asphalt binder, creating steam that 
creates a foaming effect and reduces the viscosity of the binder; the second is a process where a 
viscosity modifier is added to the binder that directly affects the binder’s viscosity.  The reduced 
viscosity allows asphalt to be mixed at lower temperatures with similar results.  North American 
asphalt mixes are generally heated to 300°F or greater, depending on the binder used.  Warm 
mix asphalt allows production at 250°F or lower, with some companies claiming up to a 100°F 
reduction in production temperatures. 
Naturally, these WMA technologies offer the asphalt industry many promising 
advantages.  Environmental benefits of WMA include reduced emissions and worker exposure 
to fumes and heat generated during production and placement.  Economical benefits include 
reduced fuel consumption, reduced emission control spending, and longer haul distances and 
paving seasons.  Long term physical benefits include reduced aging and cracking in WMA 
pavements [4].  Another benefit of WMA technology is a reduction in time between paving and 
opening a road to traffic [6].  The reduction in production temperature, and thereby emissions, 
alone means significant savings, as 30 – 50% of a plant’s overhead cost is geared toward 
emission control [28].  Some WMA technologies have been studied very thoroughly, whereas 
other have little to no comprehensive data [29]. 
In 1956, Prof. Ladis Csanyi of Iowa State University realized the potential of foamed 
bitumen for use as a soil binder.  Since then, foamed asphalt technology, which allows lower 
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mixing temperatures, has been used successfully in many countries.  The original process 
involved injecting steam into hot bitumen.  In 1968, Mobil Oil Australia modified the original 
process by adding cold water rather than steam.  Since then, multiple products have been 
produced that lower the mixing temperature of asphalt mixtures [30].  
The benefits of using WMA can be customized based on the application and the desired 
effects.  While WMA is usually used to lower the mixing temperature as much as possible, 
limiting the temperature reduction can increase the compactibility of the mix, and can lead to a 
reduction in density and lower optimum binder content.  The benefit of a lower binder content 
might outweigh the benefits of lower fuel consumption and mixing temperatures [31]. 
From an environmental perspective, the potentially greatest benefit of WMA 
technology is the potential to reduce emissions due to lower production temperatures.  
Additionally, asphalt produces more emissions as the production temperature increases, and 
the greater the reduction in temperature due to the use of WMA technologies, the greater the 
emission reduction.  Expected emission reduction from the production of WMA mixtures when 
compared to conventional HMA mixtures is as follows: reduction of CO2 by 30-40%, reduction of 
SO2 by 35%, reduction of volatile organic compounds (VOCs) by 50%, reduction of CO by 10-30%, 
reduction of NO2 by 60-70%, and reduction of dust by 20-25%. Measurements of WMA mixtures 
have shown up to 40% lower fuel costs when compared to comparable HMA mixtures, but it 




Much of WMA research currently underway is in the form of case studies, with one or 
more WMA pavement being compared directly to a DOT’s traditional HMA mix.  While WMA 
technology is increasing in both use and availability, many of the field performance studies are 
only one or two years old.  Most perceived disadvantages of the use of WMA are related to 
insufficient investigation and its relatively short duration of use [29].  While the goal of most 
WMA products is to achieve properties comparable to HMA, the long term goal of WMA should 
be to improve upon conventional HMA as the technologies continue to evolve.  Further 
advances in WMA technology will hopefully lead to both lower production and placement 
temperatures and stronger final products [32]. 
 
Gandhi et al. evaluated the effects of warm mix additives on aged and unaged samples.  
It found that the addition of Sasobit® improved the moisture susceptibility of unaged asphalt 
mixes, increasing the tensile strength ratios (TSR).  It also concluded that WMA aged the same as 
traditional HMA, and that warm mix additives do not seem to have any significant effect on aged 
TSR values or how rutting resistance changed as the mixes age [36].   
Aging the binders in the RTFO at a lower temperature reduces the aging index of 
binders.  Thus, by reducing the mixing temperatures of WMA binders, the aging of the binders 
can be reduced.  However, changing the temperature of the RTFO had no effect on the G*/sinδ 
value, indicating that reducing the mixing temperature does not adversely affect the rutting 





MeadWestvaco’s Evotherm™ is an asphalt emulsion.  Evotherm is a chemistry package 
that includes materials to improve workability, adhesion promoters and emulsifying agents.  
During field use of Evotherm, it is pumped directly to an asphalt line using heated valves.  For 
large scale projects, the Evotherm modified binder can be stored at the plant in a tank similar to 
other emulsions.  Around seventy percent of the emulsion is asphalt residue, so the mix should 
be proportioned appropriately.  When the emulsion is mixed with hot aggregate, the water in 
the emulsion forms steam, resulting in a warm mix asphalt [37].  The warm mix formulation 
allows complete coating of dense graded aggregate at temperatures as low as 60°C, where 
conventional emulsions are unable to do this without high chemical loadings or high doses of 
water.  Evotherm also allows mix workability and compactibility to be maintained without 
sacrificing either cure rate or density.  Adhesion promoters are used in Evotherm to control 
moisture resistance properties [38]. 
Evotherm can be delivered in three different forms. Evotherm ET (Emulsion Technology) 
is a water based asphalt emulsion and requires no plant modifications; it simply replaces the 
liquid asphalt in HMA design.  Evotherm DAT (Dispersed Asphalt Technology) is a concentrated 
solution of Evotherm additives in-line inject at the mix plant.  Evotherm DAT allows for flexibility 
in switching between warm mix and hot mix production. Evotherm 3G (Third Generation) is a 
newer additive introduced at the mix plant or asphalt terminal.  Each version contains the same 
Evotherm additives  
Evotherm uses a chemical additive technology and a “Dispersed Asphalt Technology” 
delivery system.  The producer states that by using this technology a unique chemistry 
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customized for aggregate compatibility is delivered into a dispersed asphalt phase (emulsion).  
During production, the asphalt emulsion with the Evotherm chemical package is used in place of 
the traditional asphalt binder.  The emulsion is then mixed with the aggregate in the HMA plant.  
The manufacturer reports that this chemistry provides better aggregate coating, workability, 
adhesion, and improved compaction with no change in materials or job mix formula required.  In 
addition, they report 100°F reduction in production temperatures [39]. 
In an effort to compare laboratory rutting tests to field performance of warm mix 
asphalts, a section of the NCAT Test Track was used for a surface mix design using Evotherm.  
The test section was approximately 61m (200 ft) in length, and was subjected to accelerated 
loading using specifically loaded trailers to provide around 10 million ESALs in a 2 year period.  
The test concluded that rutting susceptibility tests conducted in the APA indicated similar 
performance to that of the field, and that the WMA sections showed excellent field 
performance over the testing period.  Other findings of the study concluded that Evotherm 
based WMA could be successfully stored in a silo for 17 hours, and that it could be opened to 
traffic as soon as 1.75 hours after paving commenced [38].   
In Alabama, a warm mix asphalt demonstration included the use of Evotherm.  Testing 
included APA rut tests, indirect tensile strength, wheel tracking, dynamic modulus, and creep 
compliance.  The WMA in this study required more binder than the equivalent hot mix, which 
may have had an effect on some of the results.  The study found that the tensile strengths of 
warm mix were lower than conventional hot mix, and that the warm mix asphalt was more 
susceptible to rutting.  Dynamic modulus results showed that hot mix was stiffer than warm mix, 
and creep compliance testing suggested that warm mix was more susceptible to load induced 
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damage.  When cores were taken one year after placement and tested, the study found warm 
mix asphalt was closer to hot mix in tensile strength, indicating that the WMA undergoes a type 
of curing that increases strength as time passes, and that in-place warm mix asphalt might be 
more similar to hot mix than its laboratory tested counterpart.  The study also found that the 
use of WMA had no effect on the bond between pavement layers [40].  
A Texas DOT project performing a structural evaluation of a 10-inch thick warm mix 
asphalt found that it was able to be compacted uniformly.  Using ground penetrating radar 
(GPR) data to investigate density problems at the bottom of thick lifts, the study determined 
that it was possible to successfully place Evotherm modified asphalt in total thicknesses up to 
fourteen inches [41].  A Virginia DOT project using Evotherm also noticed no visible distresses up 
to two years after placement, and plans to continue evaluation over the life of the pavement 
[32]. 
2.5 Foaming Injection Method 
Asphalt plant manufacturers with foaming technologies include the Terex and Gencor 
prototypes and the Astec Double Barrel Green System.  These are sometimes referred to as 
foamed asphalt or free-water systems [41].  The foaming process is accomplished by adding a 
small amount of water to the binder [41].  The water then turns to steam and expands. This 
results in a reduction of the viscosity.   
The Double Barrel Green System from Astec Industries uses water to produce a warm 
mix asphalt.  Unlike other warm mix methods, the Astec system does not require the addition of 
commercial additives.  Instead, water is injected along with the liquid asphalt binder, causing 
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the liquid asphalt to foam and expand in volume.  The foaming action helps the liquid asphalt 
coat the aggregate at a lower temperature than traditional hot mix.  Astec specifically claims 
that their technology has the ability to run high percentages of RAP with standard asphalt 
grades [13].  The Terex WMA system in Texas uses a technology very similar to Astec Industries’ 
Double-Barrel Green foaming system.  
The most common WMA technology (in Texas) used today is the foaming technology.  
At the present time, the laboratory technology of incorporating foamed asphalt into the mix is 
not readily available.  As a result, the mix must be designed without foam, and then the foam 
must be incorporated during the trial batch when establishing the job mix formula [31].  To 
produce a laboratory design process for foamed asphalt mixes, a piece of equipment has been 
produced to model the foaming process in the lab.  All of the “foamed” binder is run through 
this machine to achieve warm mix properties.   
A California demonstration was run using a Hveem mix design.  This mix included 15% 
RAP in both the WMA and HMA mixes.  The demonstration showed that the area’s conventional 
design method (Hveem) could be used to design WMA using the foaming injection method.  
While the study’s mixture produced lower initial stiffness and higher rutting potential, all of the 
mixtures met minimum mechanical property requirements.  The decreased stiffness and higher 
rutting were attributed to the lower temperatures during production and placement having a 
lesser effect on binder stiffening.  Because the in-place densities were successfully achieved at 
lower temperatures, it was concluded that this warm mix method could be used in place of 
conventional HMA.  Continuing field performance evaluation will produce long term results 




Sasobit® is a product of Sasol Wax.  Sasobit is a fine crystalline, long-chain aliphatic 
polymethylene hydrocarbon obtained from coal gasification using the Fischer – Tropsch process.  
Sasobit® mixes with the binder to form a homogeneous solution and creates a reduction in the 
binder’s viscosity.  After crystallization, at temperatures below its melting point, Sasobit® forms 
a lattice structure in the binder, providing structural stability [39].  It re-crystallizes at midrange 
temperatures, increasing the viscosity and the stiffness [34]. 
Sasobit® is described as an “asphalt flow improver,” both during the asphalt mixing 
process and during placement operations.  Sasobit® has the ability to be combined with 
polymers to achieve target specifications of polymer-modified asphalts while still possessing the 
advantages of warm mixes.  Since Sasobit® modifies the binder’s properties, it has a tendency to 
“bump” the PG grade of its binder.  For this reason, it has been suggested that “modified binder 
including Sasobit® needs to be engineered to meet the desired Performance Grade” [7]. 
The addition of Sasobit® to recycled binders increases the viscosity at 60°C, suggesting 
better rutting resistance at critical pavement temperatures.  The creep recovery tests and 
repeated creep recovery tests performed by Kim et al. show lower creep compliance values for 
Sasobit®-modified binders than recycled binders without warm mix additives.  Frequency sweep 
tests indicate that the recycled binders containing Sasobit® were observed to have lower phase 
angles and higher complex moduli than other recycled binders [42].  Kim goes on to recommend 
further investigation into WMA-RAP mixtures to help generalize their findings and verify them 
for other binder sources.  A study using asphalt mixes and the APA rut tester also concluded that 
Sasobit® significantly lowers the rut depths of both aged and unaged mixtures [36].  While 
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Sasobit® can decrease the rutting potential of asphalt mixes, rutting potential is increased with 
decreasing production and placement temperatures, possibly due to the decreased aging of the 
binder.  Mixes containing Sasobit® were less sensitive to decreased production temperatures 
than control mixtures [33].  
Studies have shown that binders containing Sasobit® had higher G*/sinδ values 
compared with unmodified binder, indicating increased rutting resistance [33].  Binders with 
Sasobit® also showed lower permanent deformation when compared to base binders, further 
indicating improved rutting resistance [34].  Virgin binder grade plays an important role in 
determining high failure temperature values of the recycled WMA binders [35].  Midrange 
temperature performance using Sasobit® has also been measured.  Tests indicate that binders 
containing Sasobit are stiffer and more resistant to penetration at midrange temperatures.    
WMA binders containing RAP binder were observed to have significantly lower resistance to low 
temperature cracking. To satisfy current Superpave binder specifications, it is recommended to 
reduce the virgin binder grade [35]. 
2.7 Zeolite 
Zeolites, such as Advera® and Aspha-min®, are water-bearing agents designed to release 
steam bubbles when added to asphalt.  The first major laboratory study on zeolite was 
performed by Hurley et al. in 2005.  They determined that the addition of Aspha-min® reduced 
air voids by 0.65%; did not affect the resilient modulus of the mix; did not increase the rutting 
potential of mixes in the Asphalt Pavement Analyzer (APA), though the rutting potential did 
increase as mixing and compaction temperature decreased (which is the point of warm asphalt); 
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and may increase the potential for moisture susceptibility, though the addition of lime mitigated 
this effect [43].   
Gandhi continued research in zeolite and performed binder tests using zeolite [14].  
Noting the effects of zeolite and Sasobit on the G*/sinδ of different binders, he determined that 
binder source had an impact upon the performance of the WMA modified binder.  In general, 
zeolite did not significantly affect binder viscosities at 135°C (275°F) and 120°C (248°F) 
immediately, but after 60 to 90 minutes zeolite-modified binders exhibited viscosities 
significantly higher than the base binders; the zeolite also significantly increased the binder 
viscosities at 60°C (140°F); he attributed both effects to the mineral filler effect of zeolite [14].  
He also noted that binders containing zeolite had significantly higher viscosities than un-
modified and Sasobit®-modified binders after RTFO aging.  The rutting parameter (G*/sinδ) for 
binders with WMA modifiers was higher than base binders, indicating increased rutting 
resistance.  He found that the fatigue resistance (G*sinδ) of base and WMA-modified binders 
were significantly similar and that reducing the aging temperature improved resistance to 
thermal cracking when modified with zeolite [14].   
Gandhi also performed mixture testing on aged and unaged samples.  He found that 
unaged mixes containing zeolite had lower resilient modulus (MR) values compared to control at 
25 and 40°C (77 and 104°F).  He also determined that aging WMA mixtures (here zeolite and 
Sasobit®) increased the stiffness of the mixes to levels similar to unaged control mixes; the 
warm mix additives improved the moisture susceptibility (tensile strength ratios, TSR), but 
seemed to affect the mix TSRs as they aged [14].  
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Zeolite has also been used in recycling RAP, which is discussed in the following section. 
2.8 Warm Mix with RAP 
The most oft researched use of RAP with WMA has been in base layers.  Mallick et al. 
studied the use of heated reclaimed asphalt pavement materials with emulsion and the use of 
hot mix asphalt with Sasobit® as base course materials.  They determined that Sasobit® helped 
to achieve similar workability and compactibility at lower temperatures compared to hot mix; 
no significant difference between stiffness and retained strength values was found; addition of 
1% Sasobit® (by total binder) yielded better properties than a mix with 1.5%, but the mix with 
1.5% Sasobit® showed better workability [44]. 
Mallick et al. successfully recycled 75% RAP into base course HMA using WMA additive 
Sasobit H8 at lower than HMA temperatures (125 and 135°C) [18].  The H8 product used has 
slightly lower molecular weight and melting point than regular Sasobit®.  They used three binder 
grades (PG 64 -22, PG 52 -28, and PG 42 -42), one for control and the other to rejuvenate the 
aged RAP binder.  They performed volumetric , tensile strength, and seismic modulus tests and 
found that: 75% RAP warm mixes can be produced with similar air voids to conventional HMA 
recycled mixes; the addition of Sasobit H8 helped create more uniform mixes; and the addition 
of significantly lower PG graded binder to the high RAP mix produced results most like those of 
the HMA control mix [18].  
Mallick and Tao also performed a study wherein 100% RAP was recycled into a base 
course with the addition of Sasobit H8 and Advera® zeolite at various levels [21].  They 
performed volumetric, seismic modulus, ITS, and workability tests.  No virgin binder was used in 
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this study.  Instead, the mix was heated to 125°C, and the warm mix modifier was added.  Since 
zeolite acts through foaming action, slotted molds had to be created for mixes with higher 
dosages to release water pressure generated during compaction.  The study found that: 100% 
RAP WMA mixes were feasible from a workability standpoint; the addition of WMA modifiers 
helped lower the viscosity of the RAP as low as 110°C, but that both modifiers likely had a 
stiffening effect at low temperatures; the WMA mixes had higher ITS and seismic modulus 
values than the control HMA; the Sasobit H8 caused the bulk specific gravity of mixes to increase 
proportionally to its concentration [21]. 
Field tests have been performed using WMA additives and RAP.  The Maryland State 
Highway Administration paved a section of road using 45% RAP in the base course, SMA in the 
intermediate course, and 35% RAP in the surface course; they used 1.5% Sasobit by weight of 
total binder.  The stiffness and the WMA and HMA control mixes were statistically similar [45].  
A demonstration project was performed in Orlando, Florida using 20% RAP and zeolite.  The 
zeolite reduced production and compaction temperatures by 19°C (39°F) and resulted in in-
place densities similar to control RAP produced at HMA temperatures [43]. 
The Florida DOT paved a section of State Route 11 with 45% RAP using both HMA and 
the foaming injection WMA method in December 2007 [19].  The following tests were 
performed on the mixes: performance grading of the binders, dynamic modulus, and flow 
number.  The tests indicated that the WMA mix was slightly softer than the HMA mix, both in 
dynamic modulus and PG binder grade [19].  Interestingly, while the HMA mix was shown to 
demonstrate complete blending of RAP and virgin binders using the method suggested by 
Bonaquist, the WMA mix may have experienced incomplete blending, as the measured modulus 
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values exceeded the expected [19].  Copeland et al. suggests further study into whether 
blending occurs in WMA-modified high RAP mixes. 
With warm mix asphalt and high RAP usage becoming more commonplace in asphalt 
paving, understanding how each affects the pavement has become more important.  Research 
has shown that considerable literature exists on how each technology affects asphalt pavements 
individually, and a handful of studies have been done to examine the two used in conjunction, 
but no method currently exists to predict the mechanical properties of mixtures containing 
warm mix modifiers at high RAP percentages, and the blending and interaction between the 
aged RAP binders and these warm asphalt additives is not known.  These are holes in the current 
body of knowledge.  Gandhi performed a study on virgin and aged binders with WMA, but his 
samples were created in the laboratory and then artificially aged, so the affect of modified virgin 
binder blending with aged binders at mixing was not studied [14].  This chapter is a summary of 
the literature available on these topics, highlighting the gaps in knowledge that are addressed 
herein. 
2.9 FTIR-ATR 
Fourier transform infrared spectroscopy by attenuated total reflectance (FTIR-ATR) is a tool 
to study the chemical functionality of asphalt binders [46].  FTIR-ATR analysis is a tool that 
enables the identification and quantification of functional groups present in bitumen.  It 
measures the infrared light absorbed by covalent bonds in molecules (or vibrations of lattice 
crystals); the identification of chemical functionalities is possible because different types of 
bonds absorb light frequencies and intensities differently [47].   
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When binders are tested in the FTIR spectrometer, the peaks of their IR absorbance are 
measured around wave numbers 1030 cm-1 and 1700 cm-1.  Sulfoxides (at ≈1030 cm-1) are 
molecular groups where sulfur is double bonded to oxygen, and carbonyls (≈1700 cm-1) are 
molecular groups consisting of carbon double bonded to oxygen; in asphalt, both are products 
of oxidative aging.  These peaks are often used to characterize binder aging [14].  This is not 
always an exact science, and interpretation of a bitumen spectrum with the goal of identifying 
certain functional groups should be done carefully [47].   
In a study conducted to determine if the addition of wax modifiers changed the IR 
absorbance of binders [48], it was found that the addition of wax did not alter the sulfoxide 
absorbance for any binders tested, whether aged or unaged; however, the carbonyl IR peaks 
either increased or decreased after aging, depending upon the amount of wax incorporated into 




3 Chapter Three: Materials and Testing Procedures 
3.1 Materials Used 
 This study used one binder source with multiple PG grades.  The binders were of a 
Canadian source from a terminal in Gloucester City, New Jersey, and the PG grades used were 
64 -22, 58 -28, and 52 -28.  The binder properties of each grade are shown in Table 3-1.  Binders 
were sealed into 5-gallon containers until use to prevent oxidization and premature aging.  One 
rejuvenator was also used for some of the mixtures. 






The virgin aggregates used for this study were obtained from three locations, denoted 
as Aggregates A, B, and D.  Aggregate A is an igneous rock: a micaceous granite and prone to 
stripping; Aggregate B is a metamorphic rock: a marble schist and known to perform well against 
stripping; Aggregate D is a sedimentary rock: a limestone.  The sizes of aggregates retrieved 
from each quarry were: #57, #789, Manufactured Screenings (MS), and Regular Screenings (RS).  
Each type of aggregate was randomly obtained from the quarry stockpile and transported to the 
laboratory in sealed containers.  The aggregates were then tested for gradation per ASTM C 136, 
Property PG 52 -28 PG 58 -28 PG 64 -22 
Original Binder 
Viscosity, Pa-S (135°C) 











Mass Change, % (163°C) 
G*/sin δ, kPa (°C) 
 
-0.050% 








G*sin δ, kPa (°C) 
Stiffness (60 s), MPa (°C) 
m-Value (60 s), (°C) 
 
 925 (16°C) 
 113 (-18°C) 
 0.364 (-18°C) 
 
2026 (19°C) 
 215 (-18°C) 
 0.318 (-18°C) 
 
 2565 (25°C) 
 132 (-12°C) 
 0.355 (-12°C) 
Mixing Temp., (°C) 140 – 150 150 – 160 160 – 165 
Compaction Temp., (°C) 110 – 125 135 – 145 150 – 155 
Specific Gravity, [SG] 1.03 1.03 1.03 
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Sieve Analysis for Fine and Coarse Aggregates [49].  Table 3-2 lists the gradations for all RAP 
percentages of each aggregate source and compares them to the project specifications, that of 
an SCDOT Surface Course Type B.  It also lists the percent of stone type used in each mix. 






Aggregate A: Percent 
Passing [%] 
Aggregate B: Percent 
Passing [%] 


























25 100 - 100 100 100 100 100 100 100 100 100 100 100 100 100 
19 100 – 98 99 99 99 99 100 100 100 100 100 98 98 98 
12.5 100 – 90 94 92 94 92 94 93 93 94 94 92 92 92 
9.5 90 – 72 89 85 87 86 84 83 84 84 84 87 86 85 
4.75 62 – 44 49 45 46 53 49 47 48 44 49 61 60 60 
2.36 43 – 23 30 27 28 37 39 34 33 27 39 36 37 40 
0.60 25 – 10 19 17 19 25 18 17 17 16 18 14 16 19 
0.150 12 – 4 7.4 6.9 8.8 11.6 9.2 8.3 8.6 8.1 9.2 8.3 8.2 10.3 
0.075 8 – 2 4.0 3.9 5.4 7.1 5.7 5.1 5.3 5.0 5.7 6.7 6.2 7.8 
 
Percent Binder for Mix Designs 
5.5 5.4 5.3 5.0 4.2 4.2 4.3 4.4 3.5 5.0 5.1 4.7 
Stone Type Percent Used in Mix [%] 
# 57 9 12 9 11 11 12 11 10 11 10 10 10 
# 789 61 57 55 38 46 41 36 36 46 44 39 30 
MS 10 10 0 0 26 18 12 3 26 5 10 5 
RS 19 0 0 0 16 8 5 0 16 20 5 4 
RAP 0 20 35 50 0 20 35 50 0 20 35 50 
Lime 1 1 1 1 1 1 1 1 1 1 1 1 
Aggregate Properties – Values Reported by Quarry 
BSG 2.75 2.86 2.71 
ASG 2.76 2.85 2.74 
Percent Absorption 0.3% 0.3% 0.37% 
LA Abrasion 48% 25% 19% 
Sulfate Soundness 
Loss 
1.6% 1.0% 0.3% 
 
 This project used four percentages of reclaimed asphalt pavement, or RAP: 0%, 20%, 
35%, and 50% by weight of total mix.  Each RAP source: A, B, and D was chosen because it 
contained the aggregates chosen for this study.  For example: RAP source A contained aggregate 
from source A.  Each RAP was obtained from an asphalt plant near its respective aggregate 
quarry to ensure it was composed of the same aggregate; this was later visually confirmed after 
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extracting binder from the RAP.  The surface crust of the stockpile was removed, and RAP 
samples were taken from within the pile, sealed into containers, and transported back to the 
laboratory.  RAP was fractionated over the #4 sieve to obtain a fine (-#4) and coarse (+#4) 
fraction.  These fractions were used in the creation of the mixes.  The gradation of each RAP 
source and percent binder of fine, coarse, and total fractions is given in Table 3-3. 
Table 3-3: RAP Gradations and Percentages of Binder in RAP Fractions 










37.5 100 100 100 
25 100 100 100 
19 100 100 100 
12.5 99 98 100 
9.5 96 96 93 
4.75 81 70 72 
2.36 68 46 56 
0.60 46 27 31 
0.150 20 13 17 
0.075 11.8 7.7 12.4 
Binder Percentages 
Coarse Fraction 
 (+ #4) 
4.9 4.3 2.6 
Fine Fraction     
(- #4) 
7.9 6.7 5.6 
Total Fraction 5.5 5.5 4.8 
 
 Two warm asphalt additives were used in this study.  The first was a zeolite (denoted as 
‘Z’), a Sodium – Aluminum – Silicate hydro-thermally crystallized into a fine powder.  It is added 
at the rate of 0.3% by weight of total mixture, as recommended by the manufacturer and is 
added at the same time as the binder.  The crystals contain approximately 21% water.  When 
introduced to the hot binder, the crystals release their water, creating a fine spray in the binder 
and causing a volumetric expansion, thereby increasing the workability and compactibility of the 
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mixture at lower temperatures.  One manufacturer has reported a reduction of approximately 
30°C (50°F) [50]. 
 The second warm asphalt additive used in this study was Sasobit® (denoted as ‘S’), a 
long chain aliphatic hydrocarbon with chain lengths of 40 to 115 carbon atoms produced from 
coal gasification using the Fischer – Tropsch process.  Sasobit® is completely soluble in binder at 
temperatures above 120°C (248°F) and causes a marked reduction in the binder’s viscosity.  
Sasobit® is mixed with the binder before it is mixed with the aggregate; it is added at a rate of 
1.5% by weight of total binder (this includes RAP binder).  Studies have shown reductions in 
handling temperature between 18 – 54°C (32 - 97°F) [6]. 
3.2 Experimental Plan 
The proposed research was carried out in three independent tasks.  The tasks were 
carried out successively and addressed specific objectives of the research.  The independent 
tasks are in the following sections. 
3.2.1 Task One: Recovered RAP Testing and Mixture Testing 
Task One of the research was carried out to study the performance of warm mix asphalt 
with varying percentages of RAP with respect to HMA with the same RAP percentages in terms 
of indirect tensile strength, resilient modulus, rutting performance, and fatigue life.  This task 
was carried out as per the experimental plan shown in Figure 3-1.  Six samples were created 
each for the Asphalt Pavement Analyzer (APA), Indirect Tensile Strength (ITS), and Resilient 
Modulus (MR) testing using the Superpave gyratory compactor; three samples were made for 




Figure 3-1: Experimental Plan for Investigating Effect of Warm Mix Additives upon High RAP Asphalt Mixes 
RAP binder properties were tested to determine the PG grade of the virgin binder to be 
used in each RAP percentage.  RAP may be used in two ways: the first involves using a known 
RAP percentage and modifying the virgin binder to ensure a set blended binder grade; the 
second involves using a set virgin binder grade and adding a maximum percentage of RAP 
without changing the virgin binder’s PG grade.  This study utilized the first method.  All blended 
binder grades were PG 64 -10.  The method for determining the proper virgin binder is shown in 





Figure 3-2: Determining Virgin Binder Properties / Grade with Known Percentage of RAP 
3.2.2 Task Two: Development of Descriptive Models 
Task Two of this study was conducted after the completion of Task One.  Final data from 
Task One was used to predict the behavior of high RAP mixes modified with warm mix modifiers.  
Models were developed for rutting resistance, indirect tensile strength, and fatigue life. 
3.2.3 Determining RAP / Virgin Binder Interaction 
  After the mixture tests were completed, binder was extracted from samples from one 
aggregate source; these binders were examined using Fourier Transform Infrared Spectrometry 
by Attenuated Total Reflectance (FTIR-ATR).  FTIR-ATR analysis is a tool that enables the 
identification and quantification of functional groups present in bitumen.  It measures the 
infrared light absorbed by covalent bonds in molecules (or vibrations of lattice crystals); the 
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identification of chemical functionalities is possible because different types of bonds absorb 
light frequencies and intensities differently [47].   
When binders are tested in the FTIR spectrometer, the peaks of their IR absorbance are 
measured around wave numbers 1030 cm-1 and 1700 cm-1.  Sulfoxides (at ≈1030 cm-1) and 
carbonyls (≈1700 cm-1) are products of oxidative aging [48].  Since current theory for high RAP 
mixes is that RAP binder comes off of the RAP aggregate during mixing and actually blends with 
virgin binder, all binder within the mix should contain diffused RAP binder, not just the original 
RAP particles.  This blended binder should have higher peaks around wave numbers 1030 and 
1700 cm-1 than its base virgin binder.  Comparing these peaks provided a method to quantify 
binder blending.  
The goals for FTIR-ATR testing in this project were two-fold.  Firstly, the degree of 
intermingling of RAP and virgin binders during mixing was examined.  Each mix was engineered 
so that the final PG grade of all mixes was at least PG 64 -10.  Though the differences in some 
mechanical tests could be the result of differing aggregate structures, air voids, or other 
volumetric properties, the amount of influence due to binders was not known.  Secondly, the 
degree to which warm mix additives blend with RAP binders during mixing was unknown.  Since 
zeolite operates by introducing steam into the mixing process rather than directly altering or 
modifying the binders, mixes using this method were not tested.  Sasobit® modified warm mixes 
were compared to standard hot mixes for this section, but only sulfoxide groups were analyzed, 
since carbonyl groups could vary due to the wax [48]. 
50 
 
Binder-coated aggregate from mixes containing Source “B” were physically removed 
from fatigue beams after testing.  Aggregate particles for each RAP percentage were placed 
onto a filter cloth and then into a container with trichloroethylene.  The trichloroethylene 
dissolved the binder, and the aggregate and filter paper were removed.  This solution was then 
filtered through a standard filter cloth used during binder extractions and reduced in a 
convection oven at 60°C until no noticeable trichloroethylene remained.  The resultant binder 
was examined using FTIR-ATR.  If solvent were still present during testing, the peaks for 
trichloroethylene around 1030 and 1700 cm-1 would not appear because they are covered by 
the binder peaks.   
3.3 Experimental Procedures 
3.3.1 Determining RAP Mixture Properties 
RAP from each source was first placed into an ignition oven and the asphalt binder 
content was determined per ASTM D 6307 – 05, Asphalt Content of Hot-Mix Asphalt by Ignition 
Method [49].  This was done for the fine fraction, the coarse fraction, and the combined 
fractions.  The percent of asphalt binder in each fraction was used in a weighted average during 
the mix design process to determine the amount of RAP binder being introduced into the new 
mixes.  Gradations were run per ASTM D 5444 – 05, Mechanical Size Analysis of Extracted 
Aggregate [49].  Extracted aggregate was visually compared to virgin material from the same 





3.3.2 RAP Binder Physical Properties 
The following was done for RAP from each source to measure the properties of the RAP 
binders.  A centrifuge and rotavapor apparatus were used to extract binder from the RAP.  The 
binder was extracted according to ASTM D2172 – 05, Quantitative Extraction of Bitumen From 
Bituminous Paving Mixtures [49] and SC-T-95, Recovery of Asphalt Binder from Hot Mix Asphalt 
by means of the Rotavapor Apparatus [51].  Multiple extractions were run, and the extracted 
binder was mixed together to ensure homogeneity.   
A rotational viscometer was used to determine the viscosity of the recovered binders at 
135°C per AASHTO T316, Viscosity Determination of Asphalt Binder Using Rotational Viscometer 
[52].  The recovered binders were PG graded per AASHTO MP1.   
The original high-temperature properties were measured by the dynamic shear 
rheometer (DSR) across multiple temperatures.  The critical temperature was determined using 
the original DSR data where G*/sin δ = 1.0 kPa.  The critical temperature was calculated by 
creating a stiffness-temperature curve; the slope of the curve is Δlog (G*/sin δ)/ΔT.  The 
formula, Equation 3-1, for determining the critical high temperature is as follows:  
    log 	 





  TC = Critical Temperature 
R = The G*/sin δ required for that binder conditioning per AASHTO MP1 in 
kPa 
  G1 = the G*/sin δ at a specific temperature, T1 
  a = the slope of the stiffness-temperature curve 
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Though any temperature (T1) and G1 value may be used in Equation 3.1, the values 
closest to the R-value, in the case of original binder, 1.0 kPa, were used to minimize 
extrapolation errors.   
The binders were then aged in a rolling thin film oven (RTFO) to simulate the process of 
short term aging.  The RTFO aging process was carried out as per AASHTO T240, Effect of Heat 
and Air on a Moving Film of Asphalt (Rolling Thin Film Oven) [52].  Thirty-five grams of binder 
were poured into the RTFO bottles and aged in the RTFO for 85 minutes at 163°C.  After aging, 
the RTFO-aged binders were again tested for critical high temperature properties in the DSR.  
Equation 3-1 was again used, with the R-value changing to 2.20 kPa.  The final critical high 
temperature of the recovered RAP binder was determined as the lower of the original and 
RTFO-aged DSR critical temperatures.  The high-temperature performance grade of the 
recovered RAP binder was based on this single temperature. 
The RTFO-aged binders were further aged in the pressure aging vessel (PAV) to simulate 
long-term aging of the binders.  PAV aging was carried out as per AASHTO R28, Accelerated 
Aging of Asphalt Binder Using a Pressurized Aging Vessel [52].  Fifty grams of the RTFO-aged 
binder were poured into PAV pans and aged in the PAV for 20 hours at 100°C (212°F) and at a 
pressure of 2.10 MPa.  The PAV-aged binders were again tested in the DSR to find the critical 
intermediate temperature.  Again, the stiffness-temperature curve was developed, and 




The PAV-aged binders were also tested in the bending beam rheometer (BBR) to 
measure their stiffness (S – Value) and the rate of change of stiffness (m – value).  The BBR 
testing was carried out as per AASHTO T313, Determining the Flexural Creep Stiffness of Asphalt 
Binder using the Bending Beam Rheometer [52].  The binders were tested at multiple 
temperatures.  Passing binders showed stiffness values less than 300 MPa after 60 seconds and 
m – values greater than 0.300 at 60 seconds.  The critical low temperatures were determined to 
be 10°C lower than the lowest possible temperature at which the binder properties were 
acceptable. 
3.3.3 Virgin Binder Grade Selection for RAP Mixes 
Once the physical properties and critical temperatures of the binders were known, Table 
2-1 was used to begin selection of the appropriate virgin binders for each RAP mixture 
percentage.  Because the blended (final) binder grade for each mix was to be PG 64 -22, softer 
binders, PG 58 -28 and PG 52 -28, and a rejuvenator were used to counteract the stiffness of the 
RAP binders in the mixes.  Some mixes were able to simply use a virgin binder one grade lower 





For the mixes designated in Table 2-1 as having to “follow recommendations from 
blending charts,” Equation 3-2 was used to calculate the high, intermediate, and low critical 
temperatures separately.  This allowed the properties of the required virgin asphalt binder to be 
calculated. 
     
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  TVirgin = Critical Temperature of the Virgin Asphalt Binder 
  TBlend = Critical Temperature of the Blended Asphalt Binder (Final Desired) 
  %RAP = Percentage of RAP expressed as a Decimal 
  TRAP = Critical Temperature of the Recovered RAP Binder 
 Once the critical temperatures were known, a virgin binder could be selected following 
AASHTO MP 1: Specification for Performance Graded Asphalt Binders [52], which would satisfy 
the requirements of the final blended grade.  Once the virgin binder was selected, recovered 
RAP was mixed with the virgin binder at the percentage of RAP used for the mix (20, 35, or 50%), 
and the resultant binder was PG graded in the same manner as the recovered RAP binders. 
3.3.3.1 Addition of Rejuvenator 
Rejuvenator was only added as needed to ensure the blended (final) binder properties 
were at least PG 64 -22.  The base virgin binder for all rejuvenated mixes was PG 52 -28, the 
softest binder used in this study, and rejuvenator was only used when samples required a virgin 
binder softer than the PG 52 -28 available. 
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Two binder samples for RAP sources and percentages needing rejuvenator were 
prepared.  Rejuvenator was added to the first sample at a rate of 1% by weight of binder and to 
the second at a rate of 10% by weight of binder.  The samples were tested in the DSR to 
determine the unaged critical high temperatures, and a linear relationship between the percent 
of rejuvenator added and critical properties were assumed.  This relationship was used to create 
a blending chart of rejuvenator percentages vs. critical high temperatures.  A percentage of 
rejuvenator was then selected that would satisfy the critical temperature of a PG 64 -22 binder.   
A third sample with the selected percentage was created and tested for high, 
intermediate, and low critical temperatures and PG graded as was described in Section 3.3.3: 
RAP Binder Physical Properties.  If this sample satisfied the requirements of a PG 64 -22 binder, 
that percentage of rejuvenator was used to make the mixtures associated with that RAP source 
and percentage.  If the sample did not satisfy the requirements of a PG 64 -22 binder, it was 
discarded, and a new sample was prepared with a new rejuvenator percent chosen from its 
respective blending chart.  The virgin binder grades and rejuvenator amounts are included is 
discussed later in Chapter Five. 
3.3.4 Mixture Preparation 
The Superpave method of mix design for a 12.5 mm surface mix was followed for this 
study to determine the optimum asphalt content for each mix design.  Recommendations from 
NCHRP Report 452 were followed for mixtures involving RAP.  A total of 12 mix designs were 
performed for this study (1 binder x 3 aggregate sources x 4 RAP percentages); hydrated lime 
was used as an anti-stripping additive in all mixes.  The bulk specific gravity was determined per 
ASTM D 2726 – 05a, Bulk Specific Gravity and Density of Non-Absorptive Compacted Bituminous 
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Mixtures; maximum theoretical specific gravity was determined per ASTM D 2041 – 03a, 
Theoretical Maximum Specific Gravity and Density of Bituminous Paving Mixtures [49].  These, 
along with voids in mineral aggregate (VMA) and voids filled with asphalt (VFA) were used to 
determine the optimum asphalt content of all the mixes.  Based on recommendations, the mix 
design results for the control HMA were adopted for WMA as well [7]. 
To create Superpave mixtures containing set amounts of RAP three things must be 
known: the desired blended (final) binder grade, the physical properties and critical 
temperatures of the recovered RAP binder, and the percentage of RAP in the mixture.  The 
blended binder grade for all mixtures was PG 64 -22, and the desired RAP percentages were 0%, 
20%, 35%, and 50%.  When rejuvenator was required to ensure a blended PG grade of at least 
PG 64 -22 it was added to the virgin binder at the rate determined for each mix (between 5 and 
9.25% by weight of total binder).  A rotational mixer was then used for 10 minutes at 700 rpm to 
ensure the rejuvenator was evenly dispersed in the binder. 
Lime was mixed into the aggregate and water added to hydrate the lime.  The aggregate 
was then placed in an oven to dry overnight.  Oven-dried and properly proportioned RAP 
material, at room temperature, was blended with the virgin aggregate at the specified (target) 
mixing temperatures.  The blended mixture was heated for approximately one hour to achieve 
and maintain the desired mixing temperature before virgin binder was added to the mixes; the 
mixture was mixed with a mechanical bucket mixer until the aggregate was thoroughly coated 
with binder.  Finally, the mixture was conditioned for two hours at the designated compaction 
temperature to simulate short-term aging.  Fatigue samples were created using a vibratory 
compactor; all other specimens were compacted using the Superpave gyratory compactor.   
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Virgin binders were prepared for mixing at WMA temperatures using two available 
commercial products.  Process 1 involved the addition of Advera®, a zeolite powder added at a 
rate of 0.3% by total weight of the mix.  Advera® was added after the binder was weighed for 
each sample and before mixing.  Process 2 involved the addition of Sasobit® added at a rate of 
1.5% by weight of total binder followed by mixing for 10 minutes in a rotational mixer at a speed 
of 700 rpm to achieve consistent mixing.  When Sasobit® was added to rejuvenated virgin 
binders, the weight used to determine the amount of Sasobit® included the weight of the 
rejuvenator.  When Sasobit® was used for mixes containing RAP, the weight of the RAP binder in 
the mix was accounted for, and the dosage of Sasobit® was adjusted accordingly. 
3.3.5 Mixture Testing 
Pertinent mechanical properties for asphalt mixes were deemed to be: stiffness, 
strength, moisture susceptibility, rutting resistance, and fatigue life.  Strength testing is required 
by most DOTs, as are moisture susceptibility and rutting resistance.  Fatigue life is a common 
quantifier for RAP mixes and so used as a comparison among mixes.  Stiffness was tested to 
attempt to explain some fatigue performances, as stiffer mixes generally have lower fatigue 
lives. 
After the mix designs were conducted according to the Superpave method of mix design 
for each aggregate / RAP combination, seven 150 mm diameter and 95 mm height pills were 
prepared with 7±1% air voids.  Resilient modulus tests were carried out per ASTM D7369 - 09, 
Determining the Resilient Modulus of Bituminous Mixtures by Indirect Tension Test [49], at 5°C 
and 25°C (41°F, 77°F).  One sample was broken in indirect tension for this test; all others were 
loaded to 5 to 20 percent of the indirect tensile strength of the mix.   
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The remaining six specimens were used to determine the indirect tensile strength and 
moisture susceptibility as per SC T 70, Laboratory Determination of Moisture Susceptibility [51].  
Three samples were tested in dry condition, and three were broken in wet condition.  The wet 
samples were saturated to fill 70 – 80% of their void structures and submerged in a water bath 
at 60°C (140°F) for 24 hours and then placed into a 25°C (77°F) water bath for two hours before 
testing.  This testing was conducted at 25°C (77°F).   
Additionally, six specimens were created with 150 mm diameter, 75 mm height, and 
4±1% air voids.  These specimens were conditioned at test temperature and tested with a hose 
pressure of 100 psi to determine the mixes’ rutting resistance as per AASHTO TP 63 – 03, 
Determining Rutting Susceptibility of Asphalt Paving Mixtures Using the Asphalt Pavement 
Analyzer [52] at 64°C (147°F). 
Finally, fatigue beams were constructed in the laboratory.  Two large beams (38.1 x 15 x 
7.6 cm) were created for each mixture using the vibratory compactor shown in Figure 3-3.  The 
compaction time was dependent upon the type of the mixture (ie. aggregate source, percentage 
of RAP).  The compacted beam was sawn into two smaller fatigue test beams after determining 
the sample’s bulk specific gravity per ASTM D 2726.  Fatigue specimens were cut to dimensions 
of 380 x 63 x 50 mm (15 x 2.5 x 2 in) for testing.  A compacted large beam and a smaller cut 




Figure 3-3: Vibratory Compactor for Creating Fatigue Specimens 
After the specimens were cut, volumetric analysis was performed.  The beams were 
placed in a temperature-controlled room at approximately 25°C (77°F) for one week before 
determining their specific gravities and air voids.  Samples were tested as per AASHTO T 321 – 
07, Determining the Fatigue Life of Compacted Hot Mix Asphalt (HMA) Subjected to Repeated 
Flexural Bending [52].  Testing was performed at 20.0 ± 0.5°C (68 ± 0.9°F); each beam specimen 
was placed into the fatigue testing equipment’s environmental chamber two hours prior to 
testing to guarantee and maintain the test temperature.  A repeated sinusoidal loading at 5 Hz 









Figure 3-4: Beam Preparation - (a) Large and Cut Beams, (b) Cut Beam Dimensions 
(a) (b) 
(c) (d) 




Samples created in this study were assigned a unique 3-part code for identification.  The 
first part denotes the aggregate source (A, B, or D); the second part represents the warm 
asphalt modifier (C for control, Z, or S); the third part denotes the amount of RAP in the mix.  For 
example, AS – 50% denotes a mixture with aggregate source A, Sasobit® modified binder, and 
50% RAP.  
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4 Chapter Four: Statistical Analysis 
The statistical analysis software (SAS) program JMP and Microsoft® Excel® were used to 
perform the statistical analysis on the research data.  The mixture experimental design consisted 
of three aggregate sources (Aggregates A, B, and D), one binder source, three warm mix 
modifiers (control, zeolite, and Sasobit®), and four RAP percentages (0%, 20%, 35%, and 50%).   
The data were analyzed as a 3x3x4 factorial design, with aggregate, warm mix modifiers, 
and RAP percentages considered as factors.  This design was selected to determine the 
interactions between treatment factors which other experimental designs may not adequately 
identify, because they do not consider enough treatment combinations.  The factorial design 
structure: provides a systematic method for examining relationships between factors; is more 
efficient than “one-at-a-time” approaches in that it provides information on every factor; and it 
expands the scope of inference by examining the interactions among factors [53].   
A factorial experiment examines the main effects, simple effects, and interaction effects 
for each factor and allows the researcher to determine which effects are significant.  An 
interaction implies that the effects of a factor are not consistent across all levels of the other 
factors.  If interaction is significant, the interacting results must be examined differently because 
interpretation of the main effects is generally not appropriate [53].  Comparing the means for 
one factor at the specific levels of another factor is known as the examination of simple effects.  
The main effects for this research were aggregate source; the simple effects were warm mix 
treatments and RAP percentage; interaction effects were considered to be any interaction 
between the main and simple effects. 
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The analysis of each response variable (APA rut depth, wet ITS, dry ITS, TSR, MR, fatigue 
life) was conducted for the means using Fisher’s Least Significant Difference (LSD) test as 
follows.  First, the LSD test was used to generate a connecting letters report to determine if the 
main effects, aggregate treatment (A, B, D), affected the means.  This was done by analyzing the 
means of all aggregate and warm mix treatments for the 0% RAP mixes.  If aggregate treatment 
was not found to significantly alter the means, all further analysis was performed with each 
aggregate treatment pooled; if, however, aggregate treatment was found to significantly affect 
the means, the analyses of simple effects would be performed within each aggregate treatment. 
Second, the LSD test was used to generate a connecting letter report to determine if the 
warm mix treatments (Z & S) produced significantly different means from the HMA treatment 
(C).  This was done by producing a connecting letters report including means from all RAP 
treatment levels and comparing the warm mix treatments.  Third, the LSD test was used to 
generate a connecting letters report to determine if the RAP treatment levels affected the 
means.  This report included all warm mix treatments. 
If these simple effects were shown to be significant, a final LSD connecting letters report 
was produced to examine the means of aggregate, warm mix, and RAP treatments.  Finally, an 
interaction profile was created to visually examine means.  However, the interaction profile 
could only study two treatment factors at a time (simple effects), and so, while it is a useful 
visual representation, if all treatment factors interacted, it did not discern them.   




5 Chapter Five: Results and Discussion 
5.1 Binder Properties 
5.1.1 RAP Binders 
Properties of recovered RAP binders used are shown in Table 5-1.  The results in Table 
5-1 indicate that RAP “B” was the softest recovered binder; RAP “A” was the stiffest; and RAP 
“D” was between the two.  The Superpave binder specifications only grade binders up to PG 82.  
Therefore, even though the RAP binders all tested to 88°C, they could only be graded to PG 82.  
While RAP “A” does not pass Superpave specifications for the -10°C low temperature property, 
the specification only goes down to -10°C, so that is the lowest it could be graded. 




The properties of blended RAP binders, and therefore the assumed mixture binder 
properties, are shown in Table 5-2.  While each mixture was desired to have a PG grading of at 
least PG 64 -22, one binder (Source “A,” 35% RAP) could not be conditioned to a -22 grade.  
Since the mechanical testing was performed at high or intermediate temperatures, and 
Property RAP Binder A RAP Binder B RAP Binder D 
Original Binder 
Viscosity, Pa-S (135°C) 



















G*sin δ, kPa (@ 25°C) 
Failure Temperature (°C) 
Stiffness (60), MPa (°C) 
















PG Grade PG 82 -10 PG 82 -16 PG 82 -10 
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maintaining both high and low temperature properties is not always possible, it was judged that 
maintaining the high temperature property at 64°C was more important. 
Table 5-2: RAP Original Binders, Rejuvenator Percentages, and Blended Binder Properties 
 
RAP A RAP B RAP D 










































































G*sin δ, kPa  
(at 25°C) 





































































52 -28 52 -28 52 -28 58 -28 52 -28 52 -28 58 -28 52 -28 52 -28 
Blended 
Binder Grade 
64 -22 64 -10 64 -22 64 -22 64 -22 64 -22 64 -22 64 -22 64 -28 
Percent 
Rejuvenator 





0.200 0.151 0.145 0.300 0.200 0.140 0.200 0.200 0.150 
5.2 Mixture Properties 
5.2.1 Rutting Resistance 
Rutting is caused by the progressive movement of materials under repeated loads and 
may occur in the asphalt layers or in the underlying base.  This occurs through consolidation or 
plastic flow [17].  The most common cause of consolidation-related rutting is inadequate 
compaction.  Traffic running in channels provides repeated kneading action in the wheel tracks 
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and completes the consolidation of the mix.  This is best avoided by adequately compacting the 
pavement during construction and ensuring the mix’s air voids are within the specified limits.  
Plastic flow is permanent deformation of the HMA from the wheel tracks.  Excessive binder 
content is the most common cause of plastic flow, since mixes with too much binder transmit 
the loading from the aggregate matrix of the mix to the binder.  Plastic flow may be minimized 
by using large size, angular, and coarse aggregate, and by providing adequate compaction at the 
time of construction.  The consistency of asphalt binder plays little role in rutting resistance, 
provided a well-graded, angular and rough textured aggregate is used [17].    
The results of this study can be seen in Figure 5-1, Figure 5-2, and Figure 5-3.  It should 
be noted that 20% and 35% RAP mixes for Source “D” appeared quite rich, usually indicating 
higher than optimal binder content, though the optimal binder contents for these mixes were 
confirmed volumetrically.  Rut depths typically decrease as the RAP percentage within the mix 
increases.  This is due to the addition of stiffer binder within the mix.  While average rut depths 
do, from 0% to 50% RAP, drop slightly for each aggregate for each control mix, they actually 




Figure 5-1: APA Rut Depths for Aggregate Source "A" 
 




















































Figure 5-3: APA Rut Depths for Aggregate Source "D" 
It should be noted that control HMA rut depths for all sources are between the rut 
depths observed for each of the warm mix treatments for all mixes containing RAP, though not 
for 0% RAP mixes.  Gandhi determined that the addition of Sasobit® significantly lowered the rut 
depths observed in both aged and unaged samples [14].  Figure 5-1, Figure 5-2, and Figure 5-3 
show this to be the case with mixes containing RAP as well.   
To determine if the means of different treatment combinations were behaving similarly, 
Fisher’s Least Significant Difference (LSD) test was performed at a significance level of α = 0.05 
as discussed in Chapter Four of this dissertation.  Treatment combinations not connected by the 
same level are significantly different. 
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Since aggregate source proved to have an impact on the mean rut depths, as seen in 
Table 5-3, the effects of warm mix treatments were examined per aggregate source.  This is to 
determine if the warm mix modifiers produced means significantly different from the control 
HMA.  Table 5-4 shows that warm mix treatments produce means different from the control in 
all but one case, Source “B.”  However, the two warm mix treatments do not produce similar 
means. 
Table 5-4: Fisher's LSD for Rut Depth of Warm Mix Treatments per Aggregate Source 
Source A  Source B  Source D 
Zeolite A   Zeolite A  Zeolite A   
Control  B  Control A  Control  B  
Sasobit®   C Sasobit®  B Sasobit®   C 
Next, the LSD test was performed to determine if different RAP percentages yielded 
different mean rut depths for each aggregate source.  Table 5-5 shows the results, though no 
consistent pattern existed. 
Table 5-5: Fisher's LSD for Rut Depth of RAP Treatments per Aggregate Source 
Source A  Source B  Source D 
RAP%  RAP%  RAP%  
0 A   0 A   0 A  
20  B  20 A   20  B 
35 A   35  B  35  B 
50   C 50   C 50 A  
Since Table 5-5 does not show differences between the combinations for warm mix 
treatments and RAP levels, a fourth LSD was performed to show these differences. The entire 
LSD connecting letters report, which encompasses all possible treatment options, can be seen in 
Appendix C: Statistical and Model Information, Table 10-3.  However, since aggregate source 
was shown to affect treatment means, Table 5-6, Table 5-7, and Table 5-8 show the LSD 
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connecting letters report for each aggregate source.  Control and Sasobit® mixes show similar 
performance at 50% RAP for all mixes but only show similar means at 0% RAP for Source “D.”  
Control and zeolite 0% mixes are similar for Sources “A” and “D.” 
Table 5-6: Fisher's LSD for Source "A" (APA) Table 5-7: Fisher's LSD for Source "B" (APA) 
 
A,Z,20 A        
A,Z,35  B       
A,C,0   C      
A,Z,0   C D     
A,C,20   C D E    
A,S,20    D E    
A,C,35     E F   
A,S,0     E F G  
A,S,35     E F G  
A,Z,50      F G H 
A,C,50       G H 
A,S,50        H 
 
 
B,Z,35 A       
B,C,35 A       
B,Z,50 A B      
B,Z,20  B C     
B,C,0  B C D    
B,C,50  B C D E   
B,S,35   C D E   
B,Z,0    D E F  
B,C,20     E F G 
B,S,50     E F G 
B,S,20      F G 
B,S,0       G 
Table 5-8: Fisher's LSD for Source "D" (APA) 
 
D,Z,20 A      
D,Z,35  B     
D,C,35  B     
D,C,20   C    
D,S,35    D   
D,S,20    D   
D,Z,50    D E  
D,C,0     E F 
D,Z,0      F 
D,C,50      F 
D,S,50      F 
D,S,0      F 
Finally, JMP was used to create the interaction profiles in Figure 5-4 to visually inspect 
the effect of each treatment combination on the rut depth means.  While this figure does not 
consider all the treatment factors seen in Table 5-6, Table 5-7, and Table 5-8, it does visually 
represent the data shown in Table 5-4 and Table 5-5.  From this figure, it can be seen that 
71 
 
Zeolite increases rut depth for all mixes containing RAP, and that Sasobit® decreases rut depth 
for all aggregates and across all RAP percentages (Middle Right). 
 
Figure 5-4: Interaction Plot of APA Rut Depths 
5.2.2 Indirect Tensile Strength and Moisture Susceptibility Test 
Moisture susceptibility refers to the deterioration of HMA due to the detrimental 
influences of moisture known as stripping.  Stripping occurs when moisture weakens the bond 
between the asphalt binder and the aggregate.  This results in a loss of strength that can be both 
sudden and catastrophic where binder peels away from the aggregate, the cohesion of the 
mixture is lost, and distresses rapidly develop [17].  The most common occurrence, though, is a 
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to raveling and cracking.  Some aggregates are more susceptible to stripping than others, and 
high air voids in a mix contribute to stripping by allowing water infiltration into the mix. 
This study used the wet indirect tensile strength (ITS) and tensile strength ratio (TSR) as 
a measure of moisture susceptibility and dry indirect tensile strength as a measure of strength.  
The TSR is a calculated value, rather than a direct test, and is the retained tensile strength after 
wet conditioning (wet ITS) as a percentage of the original tensile strength (dry ITS).  A high TSR 
usually indicates good performance against moisture, while a low number typically indicates the 
opposite.  In a similar study, Gandhi found that: the addition of zeolite and Sasobit® increased 
the TSR in unaged mixes; aged WMA mixtures showed no difference when compared to aged 
HMA mixtures; aged mixtures including  Sasobit® showed lower TSR values than aged mixtures 
containing zeolite; warm mix additives seemed to affect the TSR of mixes as they age [14].   
5.2.2.1 Dry ITS Analysis 
The results from this experiment are shown for each aggregate source.  Dry tensile 
strengths for Aggregate A, shown in Figure 5-5, tend to increase with increased RAP percentage, 
which is to be expected.  The only decrease occurs at the transition from 0% to 20% RAP, and 
the trends for WMA mixtures follow the same trends, if generally higher, as control.  The sharp 
increase at 35% RAP and carried through in 50% mixes is likely due to the volatilization of 
rejuvenator during production and the resultant failure to rejuvenate the aged RAP binder. 
The dry tensile strengths of Aggregate B, seen in Figure 5-6, decrease with increased 
RAP percentage.  As can be seen in Figure 5-7, the dry tensile strengths for Aggregate D drop for 
20% and 35% RAP and recover at 50% RAP.  It should be noted that the 20% and 35% RAP mixes 
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were visually richer than 0% and 50% RAP, so lower strengths are to be expected.  Warm mixes 
follow the same general trends for all sources “B” and “D.” 
 
Figure 5-5: Dry Indirect Tensile Strength (D-ITS) for Source "A" 
 
















































































Figure 5-7: Dry Indirect Tensile Strength (D-ITS) for Source "D" 
Dry and wet ITS data were analyzed as described in Chapter Four of this dissertation.  
TSR values could not be analyzed this way, because TSR is calculated from the averages of wet 
and dry ITS readings.  Therefore, only one value exists for each treatment combination and no 
means or variances could be analyzed. 
Fisher’s LSD test was used to determine if aggregate source affected the dry ITS means.  
Table 5-9 shows that the means for sources “B” and “D” are similar, which is logical, since source 
“D” is a limestone, and source “B” is a marble schist.  Marble schist is a metamorphic version of 














































A A  
B  B 
D  B 
Next, Fisher’s LSD test was used to produce a connecting letters report to determine if 
the effects of warm mix treatment on the sample means.  Of particular interest was whether the 
means of the two warm mixes (zeolite and Sasobit®) are different from the means for the 
control HMA mixes.  Since aggregate source was seen to be an important treatment factor, the 
analysis was done for each aggregate source.  The results are presented in Table 5-10.  Sources 
“A” and “B” are of particular note, since the means of both warm mix treatments are similar and 
different from the control.  Source “D” is of note because the means of all three treatment 
factors are similar, indicating that warm mix treatments do not affect sample means.  This is 
reflected in Figure 5-5, Figure 5-6, and Figure 5-7.   
Table 5-10: Fisher's LSD for Dry ITS for Warm Mix Treatments per Aggregate Source 
Source A  Source B  Source D 
Zeolite A  Zeolite A  Zeolite A 
Control  B Control  B Control A 
Sasobit® A  Sasobit® A  Sasobit® A 
Fisher’s LSD test was then used to determine if the means for the different RAP 
percentages were similar for each aggregate source.  Both sources “A” and “B” show no 










RAP %  RAP %  RAP %  
0 A    0 A    0 A   
20  B   20  B   20  B  
35   C  35   C  35  B  
50    D 50    D 50   C 
Since these reports do not show differences among the means of the combinations for 
warm mix treatment and RAP levels, a fourth LSD was performed to show these differences.  
The entire LSD connecting letters report, encompassing all possible treatment options, can be 
seen in Appendix C: Statistical and Model Information, Table 10-6.  However, since aggregate 
source is significant in determining sample means, Table 5-12, Table 5-13, and Table 5-14 show 
the LSD connecting letters reports for each aggregate source.  Since warm mix treatments have 
no effect on the means for source “D,” only RAP treatment levels are appropriate for analysis.  
These tables largely reinforce what is shown above: the means of both zeolite and Sasobit® for 
both source “A” and source “B” are similar, and warm mix treatment for source “D” clearly has 
no effect on the sample means. 
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Table 5-12: Fisher's LSD for Source "A" (Dry ITS) Table 5-13: Fisher's LSD for Source "B" (Dry ITS) 
 
A,Z,50 A    
A,C,50 A    
A,S,50 A    
A,S,35  B   
A,Z,35  B   
A,Z,0  B C  
A,S,0  B C  
A,C,35   C D 
A,C,0   C D 
A,S,20   C D 
A,Z,20   C D 
A,C,20    D 
 
 
B,C,0 A     
B,C,20  B    
B,S,0  B    
B,Z,0  B C   
B,S,20   C   
B,S,35    D  
B,Z,20    D  
B,Z,35    D  
B,Z,50    D  
B,C,35    D  
B,C,50    D  
B,S,50     E 
 
Table 5-14: Fisher's LSD for Source "D" (Dry ITS) 
D,0 A   
D,20  B  
D,35  B  
D,50   C 
 
Finally, JMP was used to create the interactions profile in Figure 5-8 to visually inspect 
the effect each treatment combination has on the dry ITS means.  While this figure does not 
consider all the treatment factors seen in Table 5-12, Table 5-13, and Table 5-14, it does visually 
represent the data shown in Table 5-10 and Table 5-11.  And since the tables largely agree with 
each other, the pictorial representation is apt.  The figure clearly shows no correlation between 
RAP percentage and aggregate source (Top Right), but a strong correlation between warm mix 
treatments and RAP percentage (Middle Right, Bottom Center).  The means for control and 
Sasobit® mixes are nearly identical across RAP percentages, while the means of zeolite mixes are 
continuously lower (Middle Right).  The means for 0% and 50% RAP are higher than the means 




Figure 5-8: Interaction Plot for Dry ITS Testing 
 
 
5.2.2.2 Wet ITS Analysis and TSR Discussion 
The results for wet ITS for source “A” are shown in Figure 5-9.  Warm asphalt mixes 
followed the same trends as control.  Figure 5-10 shows the wet ITS for source “B.”  Warm mix 
W-ITS means were lower than control for most RAP percentages and lower or equivalent to 
control for 50% RAP mixes.  As with D-ITS means, W-ITS means for source “D” for warm mixes 




Figure 5-9: Wet Indirect Tensile Strength (W-ITS) for Source "A" 
 






































































Figure 5-11: Wet Indirect Tensile Strength (W-ITS) for Source "D" 
Fisher’s LSD test was performed to determine if aggregate source had an impact on the 
mean of wet indirect tensile strengths.  The results of this test, shown in Table 5-15, are that 
aggregate source does affect the wet ITS means.  Because of this, the effects of warm mix and 
RAP treatments were examined for each aggregate source. 




A A   
B  B  
C   C 
Next, the effects of warm mix treatments upon sample means were examined, also 
using Fisher’s LSD.  The results can be seen in Table 5-16.  Again, warm mix treatments produce 
no effect on the means for source “D.”  The means for source “A,” a strip-prone aggregate, are 
different for mixes treated with zeolite.  This is logical, as zeolite introduces water during the 










































Zeolite A  Zeolite A   Zeolite A 
Control  B Control  B  Control A 
Sasobit®  B Sasobit®   C Sasobit® A 
Similarly, the effects of RAP treatment levels on wet ITS means were examined; the 
results are in Table 5-17.  While RAP treatment level is significant, no overall trend can be 
readily observed. 
 
Table 5-17: Fisher's LSD for Wet ITS for Means for RAP Treatments per Aggregate Source 
Source A  Source B  Source D 
RAP %  RAP %  RAP %  
0 A   0 A    0 A   
20  B  20  B   20  B  
35 A   35   C  35   C 
50   C 50    D 50  B  
As aggregate source, warm mix, and RAP treatment factors were found to be significant 
in affecting sample means for wet ITS testing, treatment levels were examined together using 
Fisher’s LSD test.  Again, Table 5-18, Table 5-19, Table 5-20 are broken up by aggregate source, 
but the complete connecting letters report may be found in Appendix C: Statistical and Model 
Information, Table 10-9.  Since warm mix treatments have no effect on the means for source 
“D,” only RAP treatment levels are appropriate for analysis.  Source “B” shows a large number 
mix means treated with zeolite and Sasobit® to be similar at all but 20% RAP treatment levels.   
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Table 5-18: Fisher’s LSD for Source “A” (Wet ITS) Table 5-19: Fisher's LSD for Source "B" (Wet ITS) 
 
A,C,50 A        
A,S,50  B       
A,Z,50   C      
A,S,35    D     
A,C,0    D     
A,Z,0     E    
A,C,35     E    
A,S,0     E F   
A,Z,35     E F   
A,S,20      F G  
A,Z,20       G H 
A,C,20        H 
 
 
B,C,0 A      
B,C,20 A B     
B,S,0  B C    
B,Z,0   C D   
B,S,20    D E  
B,C,35    D E  
B,S,35     E F 
B,Z,35      F 
B,C,50      F 
B,Z,50      F 
B,Z,20      F 
B,S,50      F 
 
Table 5-20: Fisher's LSD for Source "D" (Wet ITS) 
D,0 A   
D,20  B  
D,35   C 
D,50  B  
 
Finally, JMP was used to create the interaction profile in Figure 5-12 to visually inspect 
the effect of each treatment combination on the wet ITS means.  From this figure it can be seen 
that the means for wet ITS for source “B” decrease in a nearly linear fashion from 0% to 50% 
RAP.  No overall correlation between the means for different aggregate sources and RAP 
treatment levels can be seen (Top Right, Bottom Left).  The wet ITS means for each RAP 
percentage across warm mix treatments follow similar trends to the dry ITS means in Figure 5-8 
(Middle Bottom).  Zero and 50% RAP percentages are higher than 20% and 35% (Bottom 





Figure 5-12: Interaction Plot for Wet ITS Testing 
Gandhi observed that the addition of zeolite and Sasobit® had no significant effect on 
the wet ITS of unaged sample means, but that unaged mixes containing warm mix modifiers had 
significantly higher TSR values compared to control mixes; he concluded that zeolite and 
Sasobit® improved the TSR in unaged samples [14].  Referring to Table 5-16, this first part is seen 
to be true for source “D,” but not for sources “A” or “B.”  Figure 5-15 supports Gandhi’s 
conclusion for mixes containing 0% RAP, but mixes containing 35% and 50% RAP have lower 




Figure 5-13: TSR for Source "A" 
 










































































































































Figure 5-15: TSR for Source "D" 
The wet ITS means for control and Sasobit® source “A” mixes are similar, but the 
Sasobit® TSRs for all RAP percentages are lower than those for control.  TSRs for the 
corresponding zeolite mixes are lower than control and drops steadily with increasing RAP 
percentage. 
Each warm mix treatment produced different wet ITS means for source “B.”  The 
corresponding TSR values are shown in Figure 5-14.  The TSR values for zeolite-modified mixes is 
lower than both control and Sasobit® for all RAP percentages but shows little variation with 
different RAP levels.  The TSRs for Sasobit®-modified mixes generally form a concave-up curve 
across the RAP percentages, while the best curve to describe the control TSR values is concave-
down. 
JMP was used to create the TSR interaction profile in Figure 5-16 to visually inspect the 
effect of many treatment combinations.  The interaction profile cannot, however, account for 








































































related to sources “B” and “D” that was not seen in source “A” (Upper Center).  Sasobit® also 
gave a “bump” to the TSRs of 20% and 50% RAP mixes, making these curves concave down 
(Center Bottom), and indicating that those TSR values are closer to those of control mixes than 
to those with zeolite.   
Zeolite can be seen to decrease the TSR value for all aggregates and across all RAP 
percentages (Middle Left & Right).  TSR values for source “A” decrease at a nearly linear rate 
with increasing RAP percentage, while source “B” increases at a nearly linear rate over the same 
RAP percentages (Upper Right).  The TSRs for all mixes with zeolite and Sasobit® are lower 
across all RAP percentages than control with the exception of 50% RAP (Middle Right). 
 







































































5.2.3 Fatigue Properties 
Fatigue resistance refers to a mix’s ability to resist cracking due to repeated loading over 
time.  As binders age, they become stiffer and unable to recover from repeated loadings.  This 
leads to fatigue cracking and failure of the pavement.  The repeated flexural test evaluates the 
fatigue properties of an asphalt mixture and is used to estimate pavement life for fracture.  This 
test computes the maximum flexural stresses and strains for a given pavement and loading 
condition.  Knowing the stresses or strains the pavement experiences, and knowing the 
relationships between stress or strain and cycles to failure, the maximum number of traffic 
passes before failure for the pavement can be calculated [17].  Fatigue tests were performed 
under constant 250 microstrain at 5 Hz until the sample reached 50% of its original stiffness.     
This study used fatigue life as a quantifier to compare RAP mixes.  Since RAP contains 
aged binder, mixes containing RAP are subject to shorter fatigue lives than non-RAP mixes.  The 
results can be seen in Figure 5-17, Figure 5-18, and Figure 5-19.  All control mixes showed 
fatigue lives that behave as concave down second order quadratic functions as RAP percentage 
increases.  In general, mixes containing zeolite exhibited lower fatigue lives than control mixes 
for all mixes containing RAP.  Since production temperatures for warm mix are lower than hot 
mix, and therefore do not age binders as much, this decrease with zeolite is likely due to the 




Figure 5-17: Fatigue Life for Source "A" 
 
























































Figure 5-19: Fatigue Life for Source "D" 
Fisher’s LSD test was used to determine if the fatigue life means were affected by 
aggregate source.  All 0% RAP fatigue data were used in the analysis, and the results are given in 
Table 5-21.   




A A  
B  B 
D A B 
The data were then examined by aggregate source to determine if warm mix treatment 
affected the means.  The connecting letters report is shown in Table 5-22.  It shows that warm 
mix treatment makes no effect on the fatigue life means for source “A.”  The means of warm 
mix treatments are different from control mix means for source “B,” and control and Sasobit® 



































Zeolite A Zeolite A  Zeolite A  
Control A Control  B Control  B 
Sasobit® A Sasobit® A  Sasobit®  B 
Next, the levels of RAP treatment were examined per aggregate source to determine if 
RAP treatment level affected the means.  Table 5-23 shows LSD connecting letters report; no 
pattern is discernible, but RAP level is shown to affect the means.   






0 A B  0 A B 0 A   
20 A   20 A  20  B  
35  B  35 A  35   C 
50   C 50  B 50 A   
Since these do not show the warm mix treatment and RAP level interactions, a final LSD 
test was performed.  The entire connecting letters report, which encompasses all possible 
treatment options, can be seen in Appendix C: Statistical and Model Information, Table 10-12.  
However, since aggregate source was shown to affect treatment means, Table 5-24, Table 5-25, 
Table 5-26 show the reports for each source.  Since source “A” showed no change in means for 
different warm mix treatments, the RAP connecting letters report was deemed sufficient for 
source “A.”  Source “B” shows only two treatment combinations, control 20% and 35% RAP, 
which, while similar to each other, are dissimilar to the others.  From the trends shown in Figure 
5-18, this is to be expected.   
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Table 5-24: Fisher's LSD for Source "A" (Fatigue) Table 5-25: Fisher's LSD for Source "B" (Fatigue) 
 
A,0 A B  
A,20 A   
A,35  B  
A,50   C 
 
 
B,C,20 A  
B,C,35 A  
B,Z,0  B 
B,S,20  B 
B,S,0  B 
B,Z,35  B 
B,S,35  B 
B,C,0  B 
B,Z,20  B 
B,S,50  B 
B,C,50  B 
B,Z,50  B 
 
Table 5-26: Fisher's LSD for Source "D" (Fatigue) 
 
D,S,20 A      
D,C,20 A B     
D,C,35  B C    
D,S,35   C D   
D,Z,20   C D E  
D,Z,35   C D E  
D,S,0   C D E  
D,C,0    D E F 
D,C,50    D E F 
D,S,50     E F 
D,Z,0     E F 
D,Z,50      F 
 
All 0% RAP treatment combinations for source “D” are similar, as are all 50% RAP 
combinations, and most 0% and 50% combinations are similar to each other.  All 35% RAP 
combinations are also similar.  Overall, it seems that while RAP treatment levels greatly affect 
fatigue life means, warm mix treatments have little effect. 
Finally, JMP was used to create the interaction profile in Figure 5-20 to visually inspect 
the effect of each treatment combination on the fatigue life means.  While this figure does not 
consider all possible treatment factors seen in Table 5-25 and Table 5-26, it does allow a 
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pictorial examination of the information in Table 5-22 and Table 5-23.  From this figure, each 
aggregate source can be seen to show concave down parabolas across all RAP percentages 
(Upper Right).  The means for source “B” control behave differently from, and are higher than, 
“B” warm mixes (Middle Left).  Zeolite means are lower for all mixes containing RAP (Middle 
Right).  Zeolite fatigue means for 0%, 20%, and 35% RAP are similar (Middle Bottom).   
 
Figure 5-20: Interaction Plot of Fatigue Life 
 
5.2.4 Resilient Modulus (MR) Test 
The resilient modulus test is the most common test method to determine the stiffness 
modulus of HMA.  The resilient modulus at low temperatures (here 5°C) is somewhat related to 












































This project only performed the MR test on source “B.”  Fatigue properties for source 
“B,” as discussed in Section 5.2.3, were different from those exhibited by the other aggregate 
sources.  Therefore, more information about this mix’s stiffness was desired.   The results are 
shown in Figure 5-21.  Interestingly, stiffness decreased with increasing RAP percentage at 5°C; 
this was due to the addition of softer grade binders as more stiff RAP was added to the mixes.  
At 25°C, closer to general service temperatures, the resilient modulus values do not follow the 
same decreasing trend, and Sasobit® seems to reduce the variability in MR values compared to 
control. 
 
Figure 5-21: Resilient Modulus of Source "B" at 5°C and 25°C 
 
Mean MR values were analyzed using the method described in Chapter Four, though as a 
3x4 factorial, since aggregate source was removed as a variable.  Means at 5°C showed no 
difference with warm mix treatments, while means at 25°C were similar for warm mixes, and 



























Control (5C) Zeolite (5C) Sasobit (5C)
Control (25C) Zeolite (25C) Sasobit (25C)
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Table 5-27: Fisher's LSD for MR Means of Warm Mix Treatments 
MR @ 5°C 
 
MR @ 25°C 
Zeolite A Zeolite A  
Control A Control  B 
Sasobit® A Sasobit® A B 
Next, the significance of RAP content on the means was tested at both temperatures; 
the results are shown in Table 5-28.  This level is sufficient for means at 5°C, since warm mix 
treatments do not affect the means, but means at 25°C were further tested for interactions 
between warm mix treatments and RAP levels. 
Table 5-28: Fisher's LSD for MR Means of RAP Treatments 
MR @ 5°C 
 
MR @ 25°C 
0 A  0 A  
20 A  20 A  
35  B 35  B 
50  B 50 A  
 
Table 5-29: Fisher's LSD for MR Means at 25°C 
C,20 A    
S,20  B   
C,0  B   
C,50  B   
S,0  B C  
Z,50  B C  
S,50  B C  
Z,0  B C  
Z,20  B C  
S,35  B C D 
C,35   C D 




Table 5-29 shows that, at 25°C: all 0% and 50% RAP means are similar for all warm mix 
treatments; all 35% RAP means are similar; most zeolite means are similar; most Sasobit® means 
are similar. 
Finally, JMP was used to create interaction profiles for means at both temperatures.  It 
should be noted that Figure 5-22 and Figure 5-23 are not drawn to the same scale.  Regarding 
Figure 5-22: the means of zeolite warm mixes with lower RAP percentages are similar and higher 
than the higher RAP percentage means, which are also similar; warm mix means for 20% RAP 
mixes are higher than control HMA means; all warm mix treatments follow a general downward 
trend as RAP percentage increases, and all 0% RAP means are similar. 
 
Figure 5-22: Interaction plot of 5°C MR Means 
Regarding Figure 5-23: warm mix and control treatments follow a zig-zag pattern where 


















and come back up from 35% to 50% RAP; the means for 0% RAP mixes are similar to each other 
and similar to the 50% RAP means; means for 0% and 50% mixes behave similarly for all warm 
mix treatments; zeolite means are similar for all but 35% RAP mixes; means for 35% RAP mixes 
are abnormally lower than all other means. 
 
Figure 5-23: Interaction Plot of 25°C MR Means 
5.3 Fourier Transform Infrared (FTIR) Spectrometry 
Fourier transform infrared spectrometry by attenuated total reflectance (FTIR-ATR) was 
used to quantify aging of source “B” binders.  Aging was quantified based on IR absorbance 
values around wave numbers 1700 cm-1 and 1030 cm-1, which correspond to carbonyl and 
sulfoxide groups, respectively.  These two groups increase with increased oxidation.  Current 
understanding of RAP behavior in higher RAP percentages is that RAP binder comes off during 
mixing and blends with the virgin binder.  Following this logic, all binders within RAP mixes are a 




















these two states, including the IR absorbance of carbonyl and sulfoxide groups.  This can be 
verified by comparing the virgin, recovered, and 100% RAP binders. 
Sasobit®-modified binders were chosen for two reasons: first, zeolite does not physically 
alter the binder beyond adding a mineral filler; second, mixes containing source “B” show 
different means for control and Sasobit® warm mix treatments for fatigue, ITS, and rutting.  This 
could be explained by either: the Sasobit® not blending with the RAP binder, or changing the 
way in which the virgin and RAP binders blend; or the production temperatures reducing binder 
aging.  Since carbonyl peaks at 1700 cm-1 can vary for wax-modified binders because of aging 
[48], and this is the characteristic to be evaluated, binders with Sasobit® could only reliably be 
examined at 1030 cm-1. But since Gandhi found that zeolite had a pronounced IR peak at 1030 
cm-1 [14], no more data would have been available for zeolite-modified binders. 
Source “B” was chosen because: fatigue life means for source “B” behaved differently 
from other sources; it was the softest RAP binder tested and therefore had the highest RAP 
percentage mixes without rejuvenator.  This was important because the rejuvenator used for 
this study showed a peak at wave number 1030 cm-1.  Since the FTIR only observes the highest 
peaks at a given wave number, this had the potential to obscure the true IR absorbance value of 
rejuvenated binders at that wave number.  However, comparing IR absorbance peaks at 1030 
cm-1 of base binder for 35% (PG 52 -28) and 50% (PG 52 -28 with rejuvenator) mix, the peak for 
the rejuvenated binder is between those for PG 52 -28  and the rejuvenator.  This indicates that 
rejuvenator did not, in fact, influence peaks for source “B” 50% RAP mixes. 
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Binder samples at each RAP percentage were created utilizing mixture samples that had 
already been tested.  Mix was broken off from the sample and placed in trichloroethylene to 
extract the binder.  Trichloroethylene is a common chemical used in binder extractions and has 
no noticeable peak at either wave number examined for this project.  Sample solutions were 
then filtered and placed into a 60°C oven until only binder remained.  These samples were 
tested and compared to their base (virgin) binders and the 100% recovered RAP binder.  Base 
binders were aged in the RTFO at 163°C to simulate aging due to mixing and compaction.  Any 
peaks higher than exhibited by these binders at the test wave numbers was assumed to come 
from the RAP binder.  Sasobit®-modified base binders were also aged in the RTFO at 163°C and 
used for comparison.  Aging was quantified by creating an aging ratio, AR, given in Equation 5-1.  
Aging ratios were created for both observed wave numbers, where appropriate.  The data are 
presented as bar charts with ±5% error bars. 
 AR   IR Peak for Observed BinderIR Peak for Base Binder  Equation 5-1 
 
The IR absorbance of the control and 100% RAP binders is shown in Figure 5-24.  The 
base binders fluctuate, but show a fairly even trend.  The extracted binders containing RAP 
exhibit a linear increase in IR absorbance at both wave numbers as RAP percentage increases.  IR 
absorbance of the Sasobit®-modified base and extracted binders and the 100% RAP binder is 
shown in Figure 5-25.  To ensure the wax did not contain a peak at 1030 cm-1 which would 
account for the higher IR peaks, Sasobit° was examined using the FTIR.  No absorbance value of 




Figure 5-24: IR Absorbance for Control Binders 
 
Figure 5-25: IR Absorbance for Sasobit®-Modified Binders at 1030 cm
-1
 
Aging ratios were then generated comparing extracted binders to their base; they are 
shown for control binders in Figure 5-26 for both wave numbers in question and for Sasobit®-


























































increasing RAP percentage until a jump at the 1030 cm-1 BC-50.  The increase was to be 
expected, since more RAP binder was being incorporated.  The same general trend and large 
jump were observed for the Sasobit®-modified mixes as well. 
 
Figure 5-26: Control Binders AR Compared with Base Binders 
 
Figure 5-27: Sasobit®-Modified Binders AR Compared with Sasobit®-Modified Base Binders at 1030 cm
-1 
To determine if Sasobit® increased the aging of the binders, the IR peaks of Sasobit®-








































For clarity, the base binder is identified, and the RAP percentage that it is used as a base binder 
is listed in parenthesis.  The AR of each binder is within 5% of 1.05, which is not significant.  
Therefore, it can be concluded that Sasobit® did not significantly age the base binders. 
 
Figure 5-28: AR of Sasobit®-Modified Base Binders Compared to Control Base Binders 
The trends observed in Figure 5-26 and Figure 5-27 were used to attempt to explain the 
general trends seen in the fatigue plot in Figure 5-18 and the resilient modulus trends in Figure 
5-21.  Aging ratios were used rather than the actual IR peaks because the comparison of aging 
from base binders to extracted binders shown in the ARs was desired.  The information used to 
determine correlations is summarized in Table 5-30.  The coefficients of fit (R2) for each 
correlation are shown in Table 5-31.  Since volatilization was noticed from virgin to RTFO aged 
samples, the RTFO G*/sinδ values were also examined for correlations with fatigue and resilient 
modulus values, but none showed an R2 value above 0.07, so they were not included.  The 
highest correlations are: between the aging ratios for sulfoxide groups and fatigue life for 























control mixes.  No adequate correlation was found for 25°C resilient modulus, and correlations 
for Sasobit® binders and carbonyl groups were not considered. 














BC-0 1.00 1.62 10303 52392 15976 
BC-20 1.30 1.25 65060 39159 21728 
BC-35 1.37 1.61 60400 41974 10040 
BC-50 1.32 2.38 21726 34325 15854 
BS-0 1.69 1.04 18040 51011 14923 
BS-20 2.09 0.87 19418 47631 16191 
BS-35 1.66 2.74 14708 12027 12027 
BS-50 3.43 1.80 8298 14279 14279 
 
Table 5-31: Coefficients of Fit (R
2
) for Correlations 
Correlations Control Sasobit® 
Fatigue Life – Carbonyl Group 0.31 - 
Fatigue Life – Sulfoxide Group 0.54 0.68 
5°C MR – Carbonyl Group 0.73 - 
5°C MR – Sulfoxide Group 0.19 0.61 
25°C MR – Carbonyl Group 0.03 - 





5.4 Performance Models 
Generating models required an understanding of the interactions between treatment 
types and whether certain treatments were significant.  The models show the general 
performance trends of each mix.  A second order polynomial model was chosen because the 
observed trends fit this model best.  The general equation for the models is given in Equation 
5-2.  Each model is paired with figures, and they are intended to be used jointly.   
 45678  9:  9	%  9;	%; Equation 5-2 
 
Where: 
Model = Desired Model Property 
β0 = Intercept 
   β1 = Slope of Linear Section 
β2 = Rate of Change of Slope 
 
The models were evaluated to determine their general applicability.  If each data set 
contained “n” runs, the model equation was fitted to “n-1” runs, and a prediction value was 
generated from the model for the missing data point.  The difference between the recorded 
data point and the predicted value is called the prediction residual.  PRESS is the sum of squares 
of all prediction residuals (predicted residual sums of squares).  The PRESS statistic gives a good 
indication of the predictive power of the model, and minimizing PRESS is desirable [54].  The 
PRESS RSME (root mean square error) tests “how well the current model would predict each of 
the points in the data set (in turn) if they were not included in the regression” [54].  A small 
PRESS RMSE usually indicates that the model is not overly sensitive to any single data point and 
therefore generally applicable. 
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The PRESS R2 value was calculated as shown in Equation 5-3.  While there is no standard 
for determining the applicability of the models, they were determined to be generally applicable 
if the PRESS R2 value differed from the standard R2 value by no more than 10% of the standard 
R2 value and/or if the PRESS RSME differed from the standard RSME by no more than 10% of the 
standard RSME.  Any models not meeting this criterion should be applied to other data sets only 
with caution. 
 	<== 	;  1 




Equation 5-2 was used to create models for: rut depth, wet and dry ITS, and fatigue life.  
No models were created for TSR, and this will be discussed.  Since the behavior of warm mix 
treatments upon RAP mixes is of greatest interest, the models were constructed with RAP 
percentage as the primary variable.  The least number of models for each property were 
constructed according to the significance of each individual and interaction term.  The tables 
containing this information can be found in Appendix C: Statistical and Model Information, but 
each term is related to a factorial examination of the data and is as follows.  For each model, β0 
relates to “Aggregate,” “WMA,” and “Aggregate*WMA.”  β1 relates to “Aggregate*RAP%,” 
“WMA*RAP%,” and “Aggregate*WMA*RAP%.”  β2 relates to “WMA*RAP%*RAP%,” 
“Aggregate*RAP%*RAP%,” “Aggregate*WMA*RAP%*RAP%.”   
All model figures presented below consist of the data points that went into the model, 
the second order polynomial curve represented by Equation 5-2, and the curve’s upper and 
lower confidence curves. 
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The first models created were for APA rut depth means, and the model interaction 
terms are listed in Table 10-14.  Only one term is not significant at α = 0.05: the 
“Aggregate*WMA” term.  Because of the significance of these interactions, models were 
generated for each aggregate and warm mix treatment combination.  The models are given in:  
Figure 5-29, Figure 5-30, and Figure 5-31; the model coefficients for these models are given in 
Table 5-32.  Since the PRESS RSME is within 10% of the standard RSME, the models are deemed 
to be general. 
Table 5-32: Coefficients for APA Models 
Source β0 β1 β2 


















Source “A” Figure 5-29 
(a) 3.686 -0.031 -0.00019 0.699 0.5258 7.865 0.593 0.5725 < 10% > 10% 
(b) 2.294 0.047 -0.00134 0.446 0.6161 9.918 0.311 0.6428 < 10% > 10% 
(c) 3.552 0.191 -0.00456 0.791 0.7881 16.56 0.733 0.8331 < 10% < 10% 
Source “B” Figure 5-30 
(a) 2.273 0.005 2.37x10
-5
 0.020 0.8697 20.39 -0.258 0.9218 < 10% N/A 
(b) 1.162 0.019 -0.00010 0.422 0.3311 2.889 0.274 0.3469 < 10% > 10% 
(c) 1.802 0.056 -0.00066 0.535 0.4696 5.828 0.415 0.4928 < 10% > 10% 
Source “D” Figure 5-31 
(a) 2.789 0.313 -0.00618 0.771 1.019 26.67 0.720 1.054 < 10% < 10% 
(b) 2.232 0.166 -0.00322 0.767 0.5409 7.593 0.712 0.5624 < 10% < 10% 































Figure 5-31: Source "D" APA Rut Depth Models for: (a) Control HMA, (b) Sasobit WMA, and (c) Zeolite WMA 
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Next, models were created for dry ITS means, and the interaction terms are given in 
Table 10-15.  The initial “WMA” and all “Aggregate*WMA” terms are not significant at α = 0.05, 
but “WMA*RAP%” terms are.  To remain consistent with all other models, though, the following 
models are divided first by aggregate source, then warm mix treatment.  The same models were 
generated. To promote clarity, the models are each shown in separate figures.  The models 
generated for Sasobit®-modified mixes and source “D” control are general; the others are not. 
 
Table 5-33: Dry ITS Model Coefficients 
Source β0 β1 β2 


















Source “A” Figure 5-32 
(a) 621.427 -23.343 0.699 0.840 144.18 402084 0.656 183.05 > 10% > 10% 
(b) 669.585 -10.551 0.406 0.966 45.757 34744 0.937 53.808 > 10% < 10% 
(c) 694.026 -16.378 0.571 0.973 52.276 49738 0.945 64.381 > 10% < 10% 
Source “B” Figure 5-33 
(a) 929.248 -7.091 0.020 0.876 49.221 37867 0.785 56.175 > 10% > 10% 
(b) 829.061 -0.977 -0.100 0.944 31.793 16272 0.900 36.824 > 10% < 10% 
(c) 803.514 -8.421 0.113 0.799 35.413 20815 0.629 41.649 > 10% >10% 
Source “D” Figure 5-34 
(a) 975.640 -32.865 0.598 0.921 60.844 58633 0.861 69.900 > 10% < 10% 
(b) 901.456 -21.990 0.425 0.940 35.638 20684 0.877 43.363 > 10% < 10% 































Figure 5-34: Dry ITS Models for Source “D”: (a) Control HMA (b) Sasobit WMA and (c) Zeolite WMA 
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The third set of models created were for wet ITS, and the model interaction terms are 
listed in Table 10-14.  All terms but the initial “WMA” are significant at α = 0.05.  Since all 
subsequent “WMA” interaction terms are significant, though, models were generated for each 
aggregate and warm mix combination.  The models are shown in: Figure 5-35, Figure 5-36, and 
Figure 5-37.  The model coefficients are given in Table 5-34.  All wet ITS models but source “B” 
zeolite-modified mixes are generally applicable. 
Table 5-34: Coefficients for Wet ITS Models 



















Source “A” Figure 5-35 
(a) 713.541 -23.346 0.610 0.987 25.724 11425 0.973 32.228 > 10% < 10% 
(b) 610.815 -6.101 0.281 0.967 34.991 18194 0.946 39.044 > 10% < 10% 
(c) 655.078 -14.317 0.370 0.917 44.416 31996 0.850 51.637 > 10% < 10% 
Source “B” Figure 5-36 
(a) 878.403 -1.408 -0.101 0.906 45.306 29784 0.848 49.820 10% < 10% 
(b) 779.201 -5.317 0.015 0.773 53.151 38624 0.655 56.734 < 10%  > 10% 
(c) 711.406 -8.628 0.119 0.703 45.798 36931 0.420 55.476 > 10% > 10% 
Source “D” Figure 5-37 
(a) 879.192 -20.786 0.366 0.653 96.756 132302 0.455 105.00 < 10% > 10% 
(b) 934.984 -19.325 0.292 0.959 121.98 212263 0.250 133.00 < 10% > 10% 





























Figure 5-37: Source "D" Wet ITS Models for: (a) Control HMA, (b) Sasobit WMA, and (c) Zeolite WMA 
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Table 10-16 contains the model terms generated for TSR.  No terms or interactions are 
significant at α = 0.05 level of significance.  For this reason, no models were created.  This is 
logical, since TSR is a function of dry and wet ITS, and most terms for those models are 
significant.  The TSR of a proposed mix can be approximated by using the dry and wet ITS 
models. 
Lastly, fatigue models were generated; the significance of each term may be seen in 
Table 10-17.  The “Aggregate*RAP%,” “Aggregate*RAP%*RAP” terms are significant at α = 0.05, 
indicating the need for separate models for each aggregate source.  The model coefficients are 
shown in Table 5-35, and the models themselves are in Figure 5-38, Figure 5-39, and Figure 5-40.  
Since the difference in RSME values is less than or equal to 10%, the models are considered 
generally applicable. 
Table 5-35: Fatigue Life Model Coefficients 






















29995.4 842.209 -26.033 0.479 11966 6.99x10
9
 0.341 12903 < 10% > 10% 
Source 
“B” 
16876.0 1384.66 -31.486 0.149 15879 1.12x10
10
 0.442 17171 < 10% > 10% 
Source 
“D” 
24465.1 2749.51 -59.440 0.465 16162 1.35x10
10






Figure 5-38: Fatigue Model for Source "A" 
 




Figure 5-40: Fatigue Model for Source "D" 
5.5 Summary of Results 
The WMA results for each test, normalized to the control results, are summarized in 
Figure 5-41, Figure 5-42, and Figure 5-43.  Mixes including an asterisk (*) after their designation 
included rejuvenator.  A value of 1.0 indicates no change from the control. Zeolite increased rut 
depth for RAP mixes, while Sasobit® decreased rut depth (APA) for all mixes.  WMA mixes 
retained at least 80%, or increased, wet ITS and increased dry ITS.  WMA mixes generally 





Figure 5-41: Source "A" Results - Normalized to Control HMA 
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Figure 5-43: Source "D" Results - Normalized to Control HMA 
Zeolite was shown to have no effect on the 5°C MR means tested for source “B” and to 
affect the 25°C means the same as Sasobit®, by mildly decreasing them compared to the control 
(Table 5-27).  Zeolite RAP mixes had approximately equal dry ITS values to Sasobit RAP mixes for 
sources “A” and “B” when the mixes used PG 52 -28 as the base binder (A20, A35, B35) until 
50% RAP.  At 50% RAP, dry ITS values for zeolite mixes were higher than control and Sasobit®-
modified mixes. 
The resilient modulus of Sasobit®-modified mixes decreased linearly with increasing RAP 
percentage at 5°C and varied little at 25°C. 
Mixes containing the stiffest RAP binder, and therefore requiring highest doses of 
rejuvenator, saw jumps in dry ITS strength at each RAP percentage where rejuvenator dosage 















DZ-0 DS-0 DZ-20 DS-20 DZ-35 DS-35 DZ-50* DS-50*
APA Wet ITS Dry ITS TSR Fatigue Life
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6 Chapter Six: Conclusions and Recommendations 
Based on this study on three aggregate sources, three warm mix treatments (control, 
zeolite, and Sasobit®), and four RAP percentages (0%, 20%, 35%, and 50%), the following can be 
concluded. 
• WMA technologies can be successfully used in high RAP surface courses.  Most 20% 
WMA mixes and 35% and 50% Sasobit® mixes passed standard DOT specifications. 
o The use of Sasobit® with high RAP mixtures produced asphalt surface 
mixtures of high quality. 
o When using high RAP mixtures, the base binder viscosity determines mixing 
and compaction temperature.  Rejuvenated WMA mixture and compaction 
temperatures in this study occasionally dropped below 110°C for high RAP 
mixes.  Since these temperatures will not adequately dry the aggregate, 
producing or compacting at temperatures this low is not recommended 
(This effect is not reflected in this study because laboratory aggregates are 
oven-dried before sample production).  In these instances, WMA technology 
would be better utilized to extend the paving season or increase haul 
distance.   
• Zeolite mixes generally produced results equivalent or less desirable than control or 
Sasobit® mixes. 




o The effects seen by zeolite on performance properties may be due to the 
addition of fine mineral filler, introduction of moisture into the mix during 
mixing and compaction, and the general poor interaction between zeolite 
and RAP binders.  The effect of lower production temperatures aging the 
binders less than HMA is decreased with increasing RAP percentage because 
the amount of virgin binder being added is decreased.   
o Higher RAP percentage specimens were more difficult to mix with zeolite 
than for control or Sasobit® mixes.   
• Sasobit® mixes generally produced results equivalent or better than control and 
better than zeolite. 
• Trends for Sasobit® mixes generally follow HMA trends. 
o The wax likely blends with RAP binder to the same degree as virgin binder, 
and higher RAP percentage specimens with Sasobit® were as easy as control 
specimens to produce. 
• Even though base binders for RAP mixes were engineered to behave similarly, they 
often did not.  RAP binders exhibit a limit to their ability to be rejuvenated because 
they are inactive by normal blending methods [26]; this could have contributed to 
the engineered base binders behaving differently.  
• Mixes using the same base binder would be expected to decrease in fatigue life and 
increase in resilient modulus (stiffness) as RAP percentage increased.  Mixes in this 
study did not do this.   
124 
 
o While 50% RAP fatigue life and resilient modulus were often lowest, the 
20% and 35% RAP fatigue life often performed better for control and 
Sasobit® warm mixes than 0% RAP mixes and had increased rut depths.   
o Resilient modulus at 25°C for 35% RAP mixes was lower than 0% RAP mixes; 
resilient modulus at 25°C for 0%, 20%, and 50% RAP mixes usually stayed 
around 15 GPa; resilient modulus at 5°C actually decreased with increasing 
RAP percentage. 
• FTIR analysis showed increased AR with increased RAP content, verifying that RAP 
and virgin binders blended together during mixing and compaction. 
• FTIR analysis of the binders used in this study found that fatigue life was correlated 
to sulfoxide oxidation for HMA and Sasobit®-modified mixes.  Resilient modulus at 
5°C was correlated to carbonyl group oxidation for HMA mixes.  This indicates that 
while the addition of softer binders to RAP mixes to produce blended binders with 
the desired rheological properties is important, the oxidation experienced by RAP 
binders is not undone, and fatigue life and stiffness of the mixes, still depend on the 
oxidation of the RAP binder.  The addition of WMA additives or softer binders do 
not change this. 
6.1 Recommendations and Further Research 
Since the use of warm mix technologies is increasing, their use with RAP has become a 
topic of interest, and this area is not yet fully understood.  This research has increased the 
understanding of using engineered binders with high RAP mixes containing warm mix 
treatments by showing:  the effect of warm mix treatments zeolite and Sasobit® on high RAP 
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mixes; fatigue life of mixes can be better explained by correlation of oxidative aging of sulfoxide 
groups; resilient modulus of control mixes can be better explained by the correlation of 
oxidative aging of carbonyl groups.   
Because of the effects of rejuvenator volatilization on mixes containing particularly stiff 
RAP binders, it is not recommended in large doses for these mixes.  Because of the mechanical 
properties exhibited by zeolite-modified mixtures, zeolite, while effective at 20% RAP, should be 
limited from use in higher percentages.  High RAP WMA mixtures would perform well as a part 
of a perpetual pavement as intermediate and surface courses. 
 This research would serve as a good starting point for further testing to evaluate the 
effect of warm mix treatments on virgin and RAP binders.  This could include: 
• Evaluating the resilient modulus of zeolite-modified mixing and confirming the 
correlations to carbonyl group oxidation. 
• Examining zeolite-modified binders to determine if, in addition to the mineral filler 
effect, zeolite produces small entrained air or water bubbles within the binder, as 
consolidation of these bubbles would affect mechanical properties and might 
contribute to the explanation of why zeolite-modified mixes perform as they do. 
• Evaluating the %LMS and %SMS of WMA RAP binders using GPC. 
• Evaluating the effect of multiple binder sources on RAP and WMA mixtures, with 
particular attention given to the carbonyl and sulfoxide IR absorbance peaks of the 
virgin binders.  Lower oxidation of carbonyl and sulfoxide groups may result in 
better mechanical properties of blended mixes. 
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• Evaluating the effect of different rejuvenators on mix mechanical properties. 
• This study lowered the mixture and compaction temperatures of all warm mixes 
based on results in [6] and [43], but further testing should be done to evaluate the 
effect of temperature on the performance of WMA RAP mixes. 
• Evaluating the degree of blending using dynamic modulus and SPT testing described 
in [24] and determining if/how much RAP binder interacts with warm mix 
treatments. 
• Evaluating the effects of other WMA technologies on RAP mixes and comparing how 
similar methods differ (e.g. comparing mixes using foaming and zeolite). 
• Evaluating the effect of WMA treatments on dissipated energy, cumulative 
dissipated energy, and stiffness of RAP mixes. 
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8 Appendix A: Volumetric Mix Information 
Table 8-1: Design Volumetrics for All Mixes (WMA and HMA Mixes are same) 
Mix 
Designation 
MSG VMA VFA 
Dust/Asphalt 
Ratio 
A-0 2.523 18.95 67.18 0.73 
A-20 2.496 16.49 76.28 0.73 
A-35 2.507 16.42 76.31 1.02 
A-50 2.481 15.68 76.09 1.42 
B-0 2.547 14.28 71.21 1.35 
B-20 2.549 14.39 70.60 1.21 
B-35 2.566 14.14 73.74 1.23 
B-50 2.553 14.57 73.20 1.14 
D-0 2.480 14.18 58.07 1.62 
D-20 2.511 15.62 75.64 1.33 
D-35 2.505 15.94 75.21 1.22 





9 Appendix B: Mixture Test Results 
 


























Pill 1 3.22 4.21 2.59 3.41 5.34 1.63 2.20 3.46 2.52 1.35 1.13 1.03 
Pill 1 4.21 4.99 2.17 2.20 5.89 1.68 2.73 4.04 2.81 1.90 1.85 1.29 
Pill 1 3.97 3.44 2.96 3.12 4.76 1.79 2.19 4.58 2.76 1.25 1.59 1.03 
Pill 1 5.08 4.14 3.01 2.48 5.76 1.19 2.35 5.46 3.36 1.65 2.17 1.44 
Pill 2 4.13 3.92 2.67 3.70 6.23 1.98 2.14 5.66 1.53 1.04 1.81 0.83 
Pill 2 5.60 4.26 2.88 3.06 6.57 2.38 2.80 5.94 2.25 1.51 1.42 1.28 
Pill 2 4.47 5.52 2.06 4.07 6.43 3.80 2.85 5.71 2.26 2.03 2.24 1.27 
Pill 2 5.81 5.30 2.56 2.72 7.68 3.40 3.96 6.68 2.61 2.53 3.11 1.73 
Pill 3 3.41 2.8 2.41 2.03 5.41 2.34 1.91 5.04 2.32 1.72 2.35 1.57 
Pill 3 3.20 2.82 1.97 2.43 5.98 3.02 2.36 4.84 2.47 1.62 2.68 1.49 
Pill 3 3.36 3.91 1.72 2.49 4.65 2.08 2.41 4.85 2.43 1.54 2.09 1.38 
Pill 3 3.40 3.76 1.32 2.86 5.98 3.16 2.02 4.88 2.51 1.42 2.09 1.36 
Pill 4 3.80 2.75 2.35 1.89 4.53 4.23 2.46 4.66 2.33 1.90 1.39 1.43 
Pill 4 3.86 3.14 2.12 2.70 5.22 4.53 1.76 4.25 2.12 2.20 1.39 1.50 
Pill 4 3.99 4.23 2.05 1.88 5.68 4.23 2.70 4.54 1.88 1.72 1.25 1.38 
Pill 4 4.58 4.73 2.56 2.08 6.75 6.42 2.80 4.53 2.08 1.15 1.68 1.51 
Pill 5 2.82 1.98 2.61 3.70 5.69 2.37 2.52 2.60 1.90 1.71 1.45 1.68 
Pill 5 2.99 1.77 2.21 3.38 6.23 0.97 1.99 2.97 1.84 1.40 1.42 1.20 
Pill 5 3.22 2.77 2.31 3.68 4.66 2.20 2.21 2.40 2.10 1.47 1.52 1.33 
Pill 5 2.76 2.67 2.01 3.13 4.32 2.09 1.72 1.94 1.99 1.22 1.43 0.78 
Pill 6 2.78 2.53 2.16 3.54 5.68 2.82 2.88 3.84 1.47 1.70 1.25 1.30 
Pill 6 2.56 2.55 1.61 3.24 4.88 2.63 2.36 3.61 1.46 1.59 1.65 1.15 
Pill 6 2.98 3.04 2.60 3.77 6.28 3.04 2.32 5.56 2.00 2.07 1.45 1.46 




3.70 3.51 2.27 2.94 5.70 2.79 2.41 4.47 2.21 1.64 1.76 1.33 
Std. 
































Pill 1 1.39 2.42 1.63 2.28 1.64 1.16 3.88 2.65 2.18 2.47 3.10 1.23 
Pill 1 1.80 1.54 1.30 1.95 2.19 1.43 3.31 2.59 2.27 2.56 3.06 1.81 
Pill 1  - 1.25 1.11 1.97 2.04 1.46 4.09 2.83 2.43 2.88 2.79 1.08 
Pill 1  - 1.99 1.08 1.86 2.49 1.83 4.06 2.73 2.47 2.88 2.27 1.69 
Pill 2 2.97 2.80 0.70 3.19 2.06 1.05 4.46 3.92 2.83 3.03 3.59 1.60 
Pill 2 4.58 2.70 1.31 2.60 1.48 1.09 4.37 3.66 2.83 3.56 2.86 2.18 
Pill 2  - 2.20 0.76 2.09 2.48 1.25 4.18 -  2.41 2.64 2.34 1.98 
Pill 2  - 2.39 1.12 1.98 2.64 1.03 4.29 3.71 1.91 3.05 2.75 2.47 
Pill 3 3.67 1.69 0.89 2.36 2.13 1.05 1.70 2.73 1.75 1.83 2.74 1.58 
Pill 3 3.99 1.79 1.35 1.88 1.65 1.09 2.13 2.40 1.20 2.18 2.45 1.53 
Pill 3 2.17 1.58 0.88 1.93 2.18 1.32 1.31 3.79 1.88 2.12 3.15 2.18 
Pill 3 2.65 1.72 1.42 1.56 1.93 1.26 2.26 3.68 1.07 1.71 3.21 2.48 
Pill 4 2.36 1.11 0.70 1.69 3.34 1.05 4.38 3.50 2.29 2.69 2.99 1.55 
Pill 4 2.86 1.91 1.16 1.37 3.32 1.12 3.84 3.28 2.29 2.79 2.90 1.89 
Pill 4  - 1.09 1.37 2.07 3.11 0.89 3.29 3.34 1.03 2.62 2.23 1.21 
Pill 4  - 1.56 1.65 1.91 3.02 1.13 2.57 3.59 1.38 3.10 3.00 1.98 
Pill 5 1.50 2.68 1.65 1.27 2.22 1.05 3.07 2.36 1.86 1.55 2.45 1.50 
Pill 5 1.95 2.7 2.07 1.24 2.70 1.59 2.55 2.40 1.41 1.38 2.1 1.53 
Pill 5  - 1.94 1.23 1.30 1.97 1.79 2.66 2.16 2.04 1.95 4.05 2.01 
Pill 5  - 1.66 1.65 1.16 2.76 2.10 2.52 2.19 2.45 1.85 3.83 2.18 
Pill 6 1.77 1.72 0.76 1.78 3.10 1.13 2.69 4.43 1.76 1.76 3.35 1.68 
Pill 6 1.54 1.52 1.33 1.54 3.19 1.16 2.79 4.18 1.97 1.74 3.00 2.36 
Pill 6  - 1.39 0.67 0.94 2.62 1.42 2.34 3.31 1.72 2.29 2.51 1.89 




2.51 1.85 1.22 1.81 2.47 1.27 3.14 3.15 1.97 2.36 2.88 1.78 
Std. 


































Pill 1 2.65 2.29 1.65 6.19 7.20 3.12 7.88 6.18 2.11 3.00 4.34 0.91 
Pill 1 3.23 2.39 2.14 6.88 8.14 3.17 8.13 8.09 2.46 3.10 4.96 2.10 
Pill 1 2.51 2.72 2.39 6.91 9.45 3.09 10.03 8.71 3.22 3.29 5.56 2.24 
Pill 1 2.89 3.06 2.86 7.78 9.48 3.98 10.14 8.68 3.53 3.63 6.21 2.47 
Pill 2 2.79 3.15 2.42 6.22 8.92 2.39 9.56 7.57 3.88 3.38 5.54 2.13 
Pill 2 3.29 3.89 2.82 7.01 10.21 3.64 8.30 7.94 4.10 3.30 5.18 3.12 
Pill 2 2.45 2.43 2.24 6.97 9.48 3.42 7.86 8.08 5.19 3.78 3.29 2.58 
Pill 2 2.85 3.14 2.68 7.16 9.90 3.77 8.18 8.29 5.55 3.51 3.99 3.06 
Pill 3 3.26 2.38 2.11 5.17 7.25 5.18 5.47 6.09 4.19 2.74 3.57 1.82 
Pill 3 2.34 2.11 1.98 5.24 7.28 4.48 4.42 6.09 4.60 2.44 3.51 2.60 
Pill 3 2.53 3.11 2.12 5.99 8.39 4.14 6.06 7.96 4.50 3.08 3.42 2.26 
Pill 3 2.16 3.22 2.22 6.16 8.36 4.38 5.44 7.20 4.96 2.70 4.21 2.38 
Pill 4 1.82 2.97 2.26 5.90 8.57 3.64 6.54 6.72 5.31 2.18 3.31 2.63 
Pill 4 2.63 3.03 2.66 6.08 8.71 4.07 6.08 6.99 5.11 2.89 3.27 2.78 
Pill 4 3.37 2.92 2.14 4.13 10.30 4.03 6.70 6.41 4.32 2.25 3.18 2.36 
Pill 4 2.95 3.42 2.26 6.25 10.29 4.60 6.07 6.28 4.47 2.30 3.35 2.82 
Pill 5 3.38 3.06 2.03 5.78 9.58 4.80 6.10 6.62 4.96 2.53 2.51 2.71 
Pill 5 2.54 2.67 2.63 5.48 8.79 4.12 6.55 6.84 4.21 2.13 3.18 2.80 
Pill 5 4.08 2.89 2.71 4.98 10.85 4.14 6.13 6.52 5.04 2.43 2.84 2.83 
Pill 5 3.19 2.26 2.64 5.00 9.31 4.63 5.60 5.90 4.52 2.08 3.08 2.78 
Pill 6 3.41 2.92 1.68 5.82 10.34 4.36 5.68 7.89 4.82 2.41 2.98 2.03 
Pill 6 3.71 1.65 1.70 5.51 11.26 4.64 5.46 7.64 4.23 2.18 3.21 1.89 
Pill 6 3.53 3.94 2.15 5.16 11.98 4.97 6.66 6.60 4.41 2.39 3.28 2.44 




2.95 2.89 2.28 5.95 9.31 4.08 6.90 7.14 4.32 2.75 3.80 2.42 
Std. 





Table 9-4: Source "A" ITS Strengths & TSR 

























785.0 745.2 645.9 476.9 624.0 616.0 601.1 854.5 854.5 1327.5 1391.1 1192.3 
2 - 
Dry 
765.1 645.9 715.4 475.0 576.3 584.3 621.0 834.6 844.6 1172.5 1291.7 1172.5 
3 - 
Dry 
288.2 695.5 667.7 452.1 566.4 584.3 645.9 790.9 785.0 1148.6 1216.2 1077.1 
4 - 
Wet 
710.4 616.0 606.1 457.1 564.4 596.2 626.0 643.9 804.8 1093.0 924.1 997.6 
5 - 
Wet 
690.6 667.7 596.2 496.8 516.7 586.2 665.7 626.0 767.1 1043.3 854.5 1017.5 
6 - 
Wet 
745.2 681.6 649.8 496.8 469.0 544.5 665.7 552.5 739.3 - 814.8 977.7 
Avg. 
Dry 
612.7 695.5 676.3 468.0 588.9 594.8 622.7 826.7 828.0 1216.2 1299.7 1147.3 
Avg. 
Wet 
715.4 655.1 617.4 483.6 516.7 575.6 652.5 607.4 770.4 1068.1 864.5 997.6 
TSR 
[%] 
116.8 94.2 91.3 103.3 87.7 96.8 104.8 73.5 93.0 87.8 66.5 87.0 
 
Table 9-5: Source "B" ITS Strengths & TSR 

























938.0 818.7 818.7 850.5 663.7 727.3 655.8 616.0 655.8 645.9 705.5 496.8 
2 - 
Dry 
854.5 775.0 858.5 850.5 683.6 814.8 664.7 683.6 695.5 645.9 669.7 566.4 
3 - 
Dry 
961.8 826.7 814.8 814.8 655.8 747.2 645.9 687.6 685.6 631.0 608.1 516.7 
4 - 
Wet 
894.3 775.0 739.3 804.8 540.5 645.9 657.8 568.4 496.8 561.4 626.0 536.6 
5 - 
Wet 
854.5 655.8 794.9 884.3 580.3 699.5 650.8 568.4 655.8 596.2 520.7 546.5 
6 - 
Wet 
854.5 721.4 804.8 864.5 568.4 685.6 665.7 608.1 687.6 558.4 556.4 566.4 
Avg. 
Dry 
918.1 806.8 830.7 838.6 667.7 763.1 655.5 662.4 679.0 640.9 661.1 526.6 
Avg. 
Wet 
867.8 717.4 779.7 851.2 563.1 677.0 658.1 581.6 613.4 572.0 567.7 549.8 
TSR 
[%] 





Table 9-6: Source "D" ITS Strengths & TSR 

























1033.4 914.1 945.9 616.0 576.3 635.9 506.7 628.0 675.7 858.5 914.1 818.7 
2 - 
Dry 
968.8 965.8 898.2 608.1 546.5 588.2 472.0 616.0 671.7 844.6 779.0 850.5 
3 - 
Dry 
884.3 977.7 870.4 606.1 526.6 - 516.7 606.1 655.8 844.6 631.9 910.2 
4 - 
Wet 
864.5 993.6 945.9 719.4 631.9 699.5 496.8 534.6 616.0 745.2 711.4 759.1 
5 - 
Wet 
849.5 959.8 934.0 711.4 679.6 665.7 486.9 508.7 592.2 824.7 679.6 665.7 
6 - 
Wet 
844.6 904.2 916.1 705.5 685.6 - 464.0 488.9 600.1 814.8 671.7 683.6 
Avg. 
Dry 
962.2 952.6 904.9 610.1 549.8 408.0 498.5 616.7 667.7 849.2 775.0 859.8 
Avg. 
Wet 
852.9 952.6 932.0 712.1 665.7 809.5 482.6 510.7 602.8 794.9 687.6 702.8 
TSR 
[%] 
88.6 100.0 103.0 116.7 121.1 111.5 96.8 82.8 90.3 93.6 88.7 81.7 
 































1 8.93 5 250 1.46E+07 7.00E+06 28,500 
22,241 8,740 
2 8.61 5 250 1.45E+07 7.00E+06 13,260 
3 9.04 5 250 1.51E+07 7.50E+06 16,335 






 1 - - - - - - 
36,945 19,456 
2 6.07 5 250 1.54E+07 7.50E+06 16,210 
3 5.8 5 250 1.24E+07 6.00E+06 39,825 






 1 3.81 5 250 1.97E+07 9.83E+06 19,465 
34,360 20,306 
2 4.17 5 250 1.82E+07 9.00E+06 26,125 
3 4.3 5 250 1.79E+07 8.50E+06 57,490 






 1 5.13 5 250 2.40E+07 1.16E+07 3,125 
9,979 10,016 
2 7.61 5 250 1.94E+07 9.50E+06 4,110 
3 5.42 5 250 - - - 



































1 7.18 5 250 2.01E+07 1.00E+07 46,060 
33,501 12,196 
2 8.06 5 250 1.57E+07 7.50E+06 39,825 
3 8.15 5 250 1.50E+07 7.50E+06 18,135 






 1 7.3 5 250 1.08E+07 5.00E+06 30,210 
31,578 11,405 
2 7.47 5 250 1.00E+07 5.00E+06 24,705 
3 6.69 5 250 8.34E+06 4.15E+06 23,305 






 1 6.52 5 250 9.91E+06 4.90E+06 16,375 
23,114 12,973 
2 5.51 5 250 1.42E+07 7.00E+06 20,110 
3 7.26 5 250 1.39E+07 7.00E+06 13,790 






 1 6.66 5 250 1.85E+07 9.00E+06 2,170 
3,523 1,861 
2 7.11 5 250 1.45E+07 7.00E+06 5,645 
3 7.71 5 250 1.29E+07 7.00E+06 2,755 
4 8.05 - - - - - 
 































1 6.2 5 250 1.81E+07 9.00E+06     32,160  
    32,998  
           
726  
2 6.09 5 250 1.84E+07 9.00E+06     33,415  
3 5.87 5 250 1.92E+07 9.50E+06     33,420  






 1 7.18 5 250 1.09E+07 5.00E+06     45,530  
    48,649  
      
12,930  
2 7.28 5 250 1.07E+07 5.00E+06     39,025  
3 7 5 250 1.07E+07 5.00E+06     67,630  






 1 6.32 5 250 1.53E+07 7.50E+06     24,475  
    18,098  
        
5,028  
2 6.11 5 250 1.44E+07 7.00E+06     19,755  
3 5.71 5 250 1.44E+07 7.00E+06     13,825  






 1 7.18 5 250 2.37E+07 1.15E+07     14,035  
      9,800  
        
5,303  
2 5.59 5 250 - -     -  
3 6.4 5 250 2.58E+07 1.25E+07     13,410  



































1 2.26 5 250 2.50E+07 1.25E+07 12,025 
10,303 3,281 
2 1.74 5 250 - - - 
3 3.75 5 250 2.20E+07 1.10E+07 6,520 






 1 2.81 5 250 2.07E+07 1.00E+07 78,370 
65,050 44,786 
2 1.17 5 250 2.34E+07 1.10E+07 101,665 
3 2.6 5 250 2.33E+07 1.10E+07 15,115 






 1 4.33 5 250 1.53E+07 7.50E+06 83,395 
60,400 24,774 
2 5.5 5 250 2.04E+07 1.00E+07 63,640 
3 4.76 5 250 1.63E+07 8.00E+06 34,165 






 1 8.57 5 250 1.37E+07 6.50E+06 5,775 
6,890 - 
2 10.58 5 250 2.20E+07 1.00E+07 8,005 
3 - - - - - - 
4 - - - - - - 
 































1 3.67 5 250 1.99E+07 9.50E+06 10,355 
21,728 12,134 
2 2.77 5 250 2.83E+07 1.40E+07 27,840 
3 2.12 5 250 2.52E+07 1.25E+07 35,785 






 1 8.96 5 250 1.51E+07 7.50E+06 4,355 
10,012 5,633 
2 8.91 5 250 1.41E+07 7.00E+06 10,060 
3 8.95 5 250 1.46E+07 7.00E+06 15,620 






 1 8.84 5 250 1.36E+07 6.50E+06 1,530 
15,418 19,019 
2 8.82 5 250 1.87E+07 9.00E+06 3,640 
3 8.23 5 250 1.70E+07 8.50E+06 13,685 






 1 9.04 5 250 1.27E+07 1.60E+06 7,055 
4,875 1,888 
2 8.66 5 250 1.62E+07 8.00E+06 3,795 
3 - - - - - - 



































1 1.56 5 250 3.09E+07 1.50E+07 12,415 
18,040 4,434 
2 7.18 5 250 2.50E+07 1.20E+07 21,645 
3 1.13 5 250 2.38E+07 1.15E+07 21,530 






 1 4.9 5 250 1.99EE7 9.90E+06 15,595 
19,418 5,411 
2 3.91 5 250 2.20E+07 1.00E+07 26,030 
3 4.59 5 250 2.13E+07 1.00E+07 14,445 






 1 6.03 5 250 - - - 
14,708 7,392 
2 6.29 5 250 1.45E+07 7.00E+06 21,545 
3 9.97 5 250 2.34E+07 1.00E+07 15,715 






 1 9.63 5 250 1.17E+07 5.00E+06 7,160 
8,298 - 
2 9.16 5 250 1.08E+07 5.00E+06 9,435 
3 - - - - - - 
4 - - - - - - 
 































1 2.47 5 250 1.97E+07 1.00E+07 36,850 
25,963 9,780 
2 6.11 5 250 2.27E+07 1.10E+07 27,255 
3 5.37 5 250 2.25E+07 1.10E+07 26,675 






 1 7.07 5 250 1.58E+07 7.50E+06 75,525 
76,265 21,624 
2 7.13 5 250 1.39E+07 6.50E+06 55,020 
3 6.18 5 250 1.56E+07 7.50E+06 98,250 






 1 8.09 5 250 - - - 
50,337 21,441 
2 7.82 5 250 1.28E+07 6.00E+06 36,180 
3 7.24 5 250 1.24E+07 6.00E+06 39,825 






 1 4.7 5 250 1.73E+07 8.50E+06 45,570 
24,739 14,846 
2 4.29 5 250 1.71E+07 8.50E+06 15,195 
3 4.44 5 250 1.62E+07 8.00E+06 25,115 



































1 5.44 5 250 2.22E+07 1.10E+07 26,200 
14,296 8,504 
2 5.49 5 250 1.43E+07 7.00E+06 7,035 
3 5.77 5 250 1.25E+07 6.00E+06 14,400 






 1 7.3 5 250 1.48E+07 7.00E+06 7,245 
33,820 23,079 
2 7.57 5 250 1.21E+07 6.00E+06 45,390 
3 8.08 5 250 1.44E+07 7.00E+06 48,825 






 1 8.15 5 250 8.74E+06 4.25E+06 16,885 
32,585 16,024 
2 5.99 5 250 9.43E+06 4.70E+06 31,955 
3 7.29 5 250 - - - 






 1 5.98 5 250 1.05E+07 5.00E+06 7,340 
6,266 3,722 
2 5.1 5 250 1.28E+07 6.00E+06 2,015 
3 5.8 5 250 1.08E+07 5.00E+06 10,795 
4 4.62 5 250 1.24E+07 6.00E+06 4,915 
 































1 5.4 5 250 2.01E+07 1.00E+07 27,385 
29,145 16,392 
2 6.13 5 250 1.55E+07 7.50E+06 22,420 
3 5.1 5 250 2.07E+07 1.00E+07 14,390 






 1 8.01 5 250 1.47E+07 7.00E+06 92,405 
77,650 15,724 
2 7.53 5 250 1.77E+07 8.50E+06 79,435 
3 6.88 5 250 2.09E+07 9.00E+06 61,110 






 1 7.61 5 250 1.47E+07 7.00E+06 79,435 
46,849 21,851 
2 6.95 5 250 1.55E+07 7.50E+06 33,525 
3 8.28 5 250 1.32E+07 6.50E+06 35,280 






 1 7.75 5 250 1.32E+07 6.50E+06 8,165 
15,229 7,727 
2 5.86 5 250 1.80E+07 9.00E+06 17,715 
3 6.07 5 250 1.51E+07 7.50E+06 25,020 




Table 9-16: Adjusted IR Absorbance Peaks for Sulfoxide (1030 cm
-1













































































































































































































































































Table 10-3: Fisher's LSD for all Treatments (APA) 
A,Z,20 C              
A,Z,35  D             
D,S,35  D E            
D,S,20  D E F           
D,Z,50  D E F G          
A,C,0   E F G H         
A,Z,0    F G H I        
B,Z,35     G H I J       
B,C,35     G H I J K      
D,C,0      H I J K L     
A,C,20       I J K L     
D,Z,0       I J K L     
B,Z,50       I J K L     
A,S,20       I J K L     
D,C,50        J K L     
B,Z,20        J K L M    
B,C,0         K L M    
D,S,50         K L M    
A,C,35         K L M    
B,C,50          L M N   
D,S,0          L M N   
A,S,0          L M N   
A,S,35          L M N   
B,S,35           M N O  
B,Z,0           M N O P 
B,C,20           M N O P 
B,S,50           M N O P 
A,Z,50           M N O P 
A,C,50            N O P 
A,S,50             O P 
B,S,20             O P 
B,S,0              P 
 
Table 10-1: Fisher’s LSD for Warm Mix 
Treatments (APA) 
Table 10-2: Fisher's LSD for all 
RAP Treatments (APA) 
WMA Treatment  
Zeolite A   
Control  B  
Sasobit®   C 
 
RAP %  
0 A   
20  B  
35  B  





Table 10-4: Fisher’s LSD for Warm 
Mix Treatments (Dry ITS) 
Table 10-5: Fisher's LSD for all RAP 
Treatments (Dry ITS) 
 




RAP %  
0 A    
20  B   
35   C  
50    D 
 
 
Table 10-6: Fisher's LSD for all Treatments (Dry ITS) 
A,Z,50 A              
A,C,50 A B             
A,S,50  B             
D,C,0   C            
D,Z,0   C D           
B,C,0   C D E          
D,S,0   C D E F         
D,S,50   C D E F G        
D,C,50    D E F G        
B,C,20     E F G        
B,S,0     E F G        
A,S,35     E F G        
A,Z,35     E F G        
B,Z,0      F G        
D,Z,50       G H       
B,S,20       G H I      
A,Z,0        H I J     
B,S,35        H I J     
A,S,0        H I J     
D,S,35         I J     
B,Z,20         I J     
B,Z,35         I J     
B,Z,50         I J     
B,C,35          J K    
B,C,50          J K    
A,C,35          J K L   
D,Z,35          J K L   
A,C,0          J K L   
D,S,20          J K L M  
D,C,20          J K L   
A,S,20          J K L M  
A,Z,20          J K L M  
D,Z,20           K L M N 
B,S,50            L M N 
D,C,35             M N 




Table 10-7: Fisher’s LSD for Warm 
Mix Treatments (Wet ITS) 
Table 10-8: Fisher's LSD for all 
RAP Treatments (Wet ITS) 
 
WMA Treatment  
Zeolite A  
Control  B 
Sasobit®  B 
 
 
RAP %  
0 A    
20  B   
35   C  
50    D 
 
 
Table 10-9: Fisher's LSD for all Treatments (Wet ITS) 
A,C,50 A                 
A,S,50 A B                
D,Z,0  B                
D,S,0  B C               
B,C,0   C D              
A,Z,50   C D              
D,C,0   C D E             
B,C,20   C D E             
D,S,20    D E             
D,C,50    D E F            
B,S,0     E F G           
A,S,35     E F G H          
B,Z,0      F G H I         
A,C,0      F G H I         
D,C,20      F G H I         
D,S,50       G H I         
D,Z,50        H I J        
B,S,20         I J K       
D,Z,20         I J K L      
B,C,35         I J K L M     
A,Z,0         I J K L M N    
A,C,35         I J K L M N    
A,S,0          J K L M N O   
B,S,35          J K L M N O   
A,Z,35          J K L M N O   
D,S,35           K L M N O   
B,Z,35            L M N O P  
A,S,20             M N O P  
B,C,50              N O P  
B,Z,50               O P  
B,Z,20               O P Q 
B,S,50               O P Q 
A,Z,20                P Q 
D,Z,35                P Q 
A,C,20                 Q 




Table 10-10: Fisher’s LSD for 
Warm Mix Treatments (Fatigue) 
Table 10-11: Fisher's LSD for 
all RAP Treatments (Fatigue) 
 
WMA Treatment  
Zeolite A  
Control  B 
Sasobit®  B 
 
 
RAP %  
0 A    
20  B   
35   C  
50    D 
 
 
Table 10-12: Fisher's LSD for all Treatments (Fatigue) 
A,S,20 B C D         
D,S,35 B C D         
D,C,35  C D E        
A,C,20  C D E F       
A,C,35   D E F G      
D,Z,20   D E F G H     
A,Z,0   D E F G      
A,S,0   D E F G H I    
D,Z,35   D E F G H I    
A,Z,20   D E F G H I    
D,S,0   D E F G H I J   
D,C,0    E F G H I J K  
D,C,50    E F G H I J K L 
A,Z,35    E F G H I J K L 
A,C,0    E F G H I J K L 
B,Z,0     F G H I J K L 
B,S,20     F G H I J K L 
A,S,35     F G H I J K L 
B,S,0     F G H I J K L 
B,Z,35     F G H I J K L 
D,S,50     F G H I J K L 
B,S,35     F G H I J K L 
D,Z,0      G H I J K L 
B,C,0       H I J K L 
B,Z,20       H I J K L 
A,C,50         J K L 
A,S,50         J K L 
B,S,50      G H I J K L 
B,C,50        I J K L 
D,Z,50          K L 
B,Z,50          K L 






Table 10-13: Statistical Table for APA Rut Depth Model 
Source Nparm DF Sum of 
Squares 
F - Ratio Prob > F 
Aggregate 2 2 19.66759 18.5676 <0.0001* 
WMA 2 2 11.68428 11.0308 <0.0001* 
RAP% 1 1 118.32186 223.4079 <0.0001* 
WMA*RAP% 2 2 31.21328 29.4675 <0.0001* 
Aggregate*WMA 4 4 1.76313 0.8323 0.5062 
Aggregate*RAP% 2 2 100.95079 95.3045 <0.0001* 
Aggregate*WMA*RAP% 4 4 17.49194 8.2568 <0.0001* 
RAP%*RAP% 1 1 134.16334 253.3188 <0.0001* 
WMA*RAP%*RAP% 2 2 32.54520 30.7249 <0.0001* 
Aggregate*RAP%*RAP% 2 2 103.40467 97.6211 <0.0001* 
Aggregate*WMA*RAP%*RAP% 4 4 18.62768 8.7929 <0.0001* 
 
Table 10-14: Statistical Table for Wet ITS Model 
Source Nparm DF Sum of 
Squares 
F - Ratio Prob > F 
Aggregate 2 2 338761.38 40.1328 <0.0001* 
WMA 2 2 12823.07 1.5191 0.2251 
RAP% 1 1 549142.75 130.1130 <0.0001* 
WMA*RAP% 2 2 38089.03 4.5124 0.0139* 
Aggregate*WMA 4 4 59542.21 3.5264 0.0106* 
Aggregate*RAP% 2 2 115660.00 13.7021 <0.0001* 
Aggregate*WMA*RAP% 4 4 47440.25 2.8101 0.0308* 
RAP%*RAP% 1 1 502951.24 119.1684 <0.0001* 
WMA*RAP%*RAP% 2 2 36536.24 4.3284 0.0164* 
Aggregate*RAP%*RAP% 2 2 250057.48 29.6241 <0.0001* 






Table 10-15: Statistical Table for Dry ITS Model 
Source Nparm DF Sum of 
Squares 
F - Ratio Prob > F 
Aggregate 2 2 375469.1 40.6571 <0.0001* 
WMA 2 2 8513.0 0.9218 0.4020 
RAP% 1 1 877556.1 190.0497 <0.0001* 
WMA*RAP% 2 2 53231.8 5.7641 0.0046* 
Aggregate*WMA 4 4 35617.4 1.9284 0.1137 
Aggregate*RAP% 2 2 256730.7 27.7997 <0.0001* 
Aggregate*WMA*RAP% 4 4 7543.8 0.4084 0.8021 
RAP%*RAP% 1 1 1089549.9 235.9606 <0.0001* 
WMA*RAP%*RAP% 2 2 58132.8 6.2948 0.0029* 
Aggregate*RAP%*RAP% 2 2 521237.6 57.4414 <0.0001* 
Aggregate*WMA*RAP%*RAP% 4 4 17840.6 0.9659 0.4309 
 
Table 10-16: Statistical Table for TSR Model 




Prob > F 
Aggregate 2 2 0.01825371 0.1701 0.8462 
WMA 2 2 0.00384209 0.0358 0.9650 
RAP% 1 1 0.04788062 0.8924 0.3695 
WMA*RAP% 2 2 0.03485193 0.3248 0.7308 
Aggregate*WMA 4 4 0.06007808 0.2799 0.8837 
Aggregate*RAP% 2 2 0.11608217 1.0818 0.3793 
Aggregate*WMA*RAP% 4 4 0.07865857 0.3665 0.8267 
RAP%*RAP% 1 1 0.10289967 1.9179 0.1994 
WMA*RAP%*RAP% 2 2 0.03464256 0.3229 0.7321 
Aggregate*RAP%*RAP% 2 2 0.15877523 1.4797 0.2782 







Table 10-17: Statistical Table for Fatigue Life Model 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Aggregate 2 2 1260652043 1.7276 0.1828 
WMA 2 2 510446307 0.6995 0.4991 
RAP% 1 1 1.1393x1010 31.2265 <0.0001* 
WMA*RAP% 2 2 1883296354 2.5809 0.0805 
Aggregate*WMA 4 4 1267472364 0.8685 0.4856 
Aggregate*RAP% 2 2 4098052229 5.6010 0.0049* 
Aggregate*WMA*RAP% 4 4 2524567984 1.7299 0.1490 
RAP%*RAP% 1 1 1.5633x1010 42.8473 <0.0001* 
WMA*RAP%*RAP% 2 2 1442777929 1.9772 0.1436 
Aggregate*RAP%*RAP% 2 2 3643887973 4.9937 0.0085* 
Aggregate*WMA*RAP%*RAP% 4 4 2243592646 1.5373 0.1968 
 
Table 10-18: Fisher's LSD for Warm Mix Treatments for 
RAP Only APA Samples 
Table 10-19: Fisher's LSD for Warm Mix Treatments for 
RAP Only Dry ITS Samples 
 
 
WMA Treatment  
Zeolite A   
Control  B  
Sasobit®   C 
 




Table 10-20: Fisher's LSD for Warm Mix Treatments for 
RAP Only Wet ITS Samples 
Table 10-21: Fisher's LSD for Warm Mix Treatment for 
RAP Only Fatigue Samples 
 
 
WMA Treatment  
Control A  
Sasobit® A  
Zeolite  B 
 
WMA Treatment  
Control A   
Sasobit®  B  
Zeolite   C 
 
 
